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ISOLATION AND DAMPING

TRANSIENT RESPONSE OF REAL DISSIPATIVE STRUCTURES

R. Plunkett

Universit{
i

Minneapo

of Minnesota
8, Minnesota

result in a greatl
designer aga

Almost all the information we have on damping has been gained from
meagurements on structures vibrating at a single frequency at
constant or almost constant amplitude.
response to transiént, random or fluctuating excitation, it is
customary to use spectral decomposition, modal analysis or some
other procedure involving linear superposition,
transient excitation this will give conservative results since

most recal damping increases non-linearly with amplitude; thie may
cvevdesigned structure and prejudice the

nst the use of frangible stress relief devices, In

a few cases involving coulomb friction where the damping decreases
with increasing amplitude, it wmay lead to underdesign or instability,

In calculating system

In most cases of

INTRODUCTION

Classical analysis has shown that the
maximum response of a single degree of
freedom system to simple shock inputs is
remarkablz independent of damping [1].
On the other hand, damping may be a very
important factor when the load time his-
tory has a spectrum which is rich with
discrete frequencles [2). Typical prob-
lems of this second type include seismic
excitation, automobile crashes and light
components on relatively massive struc-
tures. In an attempt to make the analy-
sis of these problems tractable, they
have often been attacked by linear or
quasi linear techniques [3); this leads
naturally to superposition and transform
methods and our attention has been di-
verted tc a conslderation of appropriate
bounds for maximum response [4]). If one
accepts linear analysis and spectral
decomposition, it is obvious that the
sum of the absolut: values of the
Fourler components or the integral of
the absolute value of the integrand will
furnish an upper bound using one of the
many varlants of Schwarz' inequality.
Since we are dealing with a maximum and
since we are often concerned with a
.displacement type of failure, this
-upper bound maK be high by a factor of
. two or three which can jmpose a severe
design penalty, Much effort has been
glven to a reasonable lowering of this
- upper hound by various mathematical
and numerical studies.

It has been realized for some time

that there are certain mathematical
difficulties associated with the asgump-
tion of frequency dependent linear damp-
ing but these appear not to have much
practical effect [5])., Little attention
has been palid to the physics of the
problem as controlled by the definition
of dissipative systems.

As can be seen from figure 1, the
maximum response spectrum of a single
degree of freedom system due tc simple
excitation depends onI{ slightly upon
damping until the damping becomes very
large. Figure 2, on the other hand,
shows that this same response spectrum
i1s very sensitive to damping when the
excitation is highly oscillatory as in
an earthquake, In splte of this, there
is little difficulty dealing with elther
cage if we can treat the physical struc-
ture as a single degrce of freedom sys<
tem. Unless the shock response spectrum
has a ver{ wlde frequency hand, there ir
also little problem with multi-degree of
freedom systems unless the fraquencies
are close together, Typical bullding
frequencies uare in the ratio 1, 3, 5,

etc,; typlcal missle bending frequenciea

or submarine bending frequen:ies ave in
the ratio 1, 6, 18, etc,; either of
these gequenceas furnlsh adequate sep-
aration., Massive machinery in build-
ings, however, can split these sequénces
to make them much denser; an elevator
shaft, a building with two connected
towers, a power plant or nuclear reactor
can make a simple single degree of
freedom analysils unrealistic.
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The accepted desizn procedure is to
use a dg ¢ response analysis with
reasonable damping factors to approxi-
mate the response {6]. For a relatively
simple excitation ageccrum such as a
depth charge, a nuclear explosion or i
head-on crash into a fixed barrier, this
gives good results. For seismic excita-
tion or a more realistic crash we simply
do not bave enocuge infermation aboct
damping effects in complex time histor-
les to find the response.

DAMPING MECHANISMS

[Cefore we get too deeply into the
physics of shock response, it is helpful
to consider the varipus types of damping
mechanisms, The simplest is energ{
radlation which is a linear mechanism
resulting when elastic energy is radi-
ated away from the structure of inter-
est. It may be the major mechanism for
damping turbine bucket vibration where
the disk support at Christmas trees
scatters the elastic energy to all
parts of the rotor in such a way as to
return in a completely incoherent
faghion, if at all, 1t is probably
also an important factor in large .
buildings supported on bed rock or in
{lexible bridges. Radiation damping
can be very efficient from shell struc-
tures to water; the impedance mismatch
is greater but the area contact 1is
larger than in turbine buckets or
‘buildings. Acoustic radiation from
submarines to the ocean causes large
damping at intermadiate frequencies,

For very large flat panels, acoustic
radiation to air is sometimea important.
By its very nature, radiation damping

1s elastic and linear; therefore, even
though it is frequency dependent, super-
position works.

Material damping is a very general
peme for a large collection of phenom-
ena, It is the kind of energz dissi-~-
pation which takes place in the volume
of solid materials which are cyclically
stressed and is independent of any enetr-
g{ loss at the boundaries [7,8], "The
physical mechanisms responsible for this
t{pe of damping are baslically non-
linear with the possible exception of
polymeric or visco-elastic organic
compounds (9], The Lehavior at high
gtrain levels associated with shock
conditions 1is stronfly non-linear sc
that superposition 1s completely
unwarranted,

For most complex structures in shock
or vibration a: ampiitudes below that
necessary fol permanent deformation,

- there has bee. a growing realization
over the past decade that most of the
onergy dlssipation is cuused by
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relstive motion between the parts.

This relative motion, im turn, causes
rubbing friction, impact, elastic

energy release, gas pumping or turbulent
fluid behavior around reiativeiy sharp
edges. All of these mechanismg are
highly non-linear.

ANALYSIS

Even though the physical. meche~ism
involved in material damping is non-
linear, it is customary to use a quasi-
linear analysis for steady state vibra-
tion problems in which experience guides
us toward the proper damping 7alue for
the problem at hand. Ae far as we kaow,
we have not goetten in serious trouble
in this area, probably because damping
increases very rapidly before the
fatigue limit of most materials is
reached. We are also aided by the
resonant naturé of vibration problems;
whether we are dealing with flutter
critical speeds, wheel shimmy or build-
ing sway, one mode of vibration dom-
inates and the time history is siuusvid-
al. Even in randomly excited forced
vibration, the response c.' lightl

.damped systems is quasi-sinusoidal.

The shock response of large struc-
tures loaded below the polint of per-

‘manent deformation has not been examined

in great detail. It has been difficult
enough to get even meager information
about the frequencles, mode shapes and
damping of buildings with sinusoidal
loadinge in non-destructive teats,
without worrying about more complex
situations [10]. We have only recently
had sufficieat strong motion instru-
mentation to iet any information at all
about the motion of large bulldings in
destructive earthquakes [1l1)., The
preliminary results seem to indicate
that destructive, non-linear deformation
of redundant, non-support elements :
reduces the shock loading to the rest of
the structure somewhat in the same
fashion that crushable supports do in
packa%ing. Thus, the destruction of
interior shear panels can give important
frequency shifts and enetgz dissipation
for tell bulldings in earthquakes and
offer some protection to the main
skeleton. Limber and weak first story
flexible shear supports, on the other
hand, may protect against weak shocks
but be disasterous in strong ones. .

CURRENT PROBLEMS

This gives rise to mln{ unanswered
questions if we are to arrive at )
aconomical, safe and sturdy designs for
complex structures subject to exploe
sions, earthquakes and creshes. The
relatively simple, single-degree of
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freedom methcds which have been so
successfully used for package cushioning
will not work for these problems. This
raises serious questions for the ration-
al design of military structures to
withstand nuclear and conventional
explosiong, of buildings and power
rtations to withstand earthquakes, and
of sutomobiles to withetand moderate
crashes and protect the occupants
againat severe ones.

The kind of problem which may exist
is most easily seen by considering the
details of energy dissipation due to
friction in built-up structures.
Experience over the years has led us to
use overall structural damping which {s
relatively independent of amplitude for
sin%le mode vibratory motion in the
analysis of such systems. The damping
coefficlent (ratio of 1maginar{ to real
part of effective comglex modulus) 1is
usually taken to be about 0,02 for air-
craft, has been measured at 0.04 for
tall structures [10] and has been
deduced to be as hi%h as 0,10 for large
ships, Tile difficulty with most of
the.e figures ls that they were neces-
sarily determined at very low ampli-
tudes, well below that permissible for
severe earth quakes or other non-
recurring transients. In addition
they are only velid for sinusoidal or
gquasi-sinusoids® motion in a single
mcde of vibration at a time.

It is not difficult to construct a

glausible argumer.t which says that the
nteracitlve effacta of two or more
frequencies are sucn as to reduce the
damping for that motion whicn has the
smaller litude; thl. necessarily
leads to the connlusion that the two
frequency decay sfctrum 1s almest
independent of the spectral conteat of
the excitation for quite a w’ ie range in
the ratio of the two components. This
result comes from the fact thai the
direction of friction force depends on
the dircceion of slip and tl.at no slip
takes place until the force reaches a

limiting value. As a resul’, there will-

be essentially no energy dissipation for
the frequency correspondir_ to. that mode
of motion in which there is no velocity
reversal, This means that 1{f the max-
imum relative velocity cor: :sponding to
one frequency of a two frequency motion
ig-less than the instartaneous velocity
in_ the other, there will be little or

no energy dissipation in it even though
- thera 1is dampin% in the correspondir:
motion by itself.

In the other directiou, we have the
experimental fact that damttng in most
materials and structures vises abruptly
at the level of permanent deformation or

fatigue change [7). Since we expect
this behaviox to be associated with peak
strain or displacement, it has a very
important influence on the maximum force
in a structure. The maximum of a
complex time history cannot be found
from spectral decomposition, it can

only be bounded and that not &ccurately.
For instance, consider a spring mounted
mass in uhicﬂ the base 1s subjected to
an eatthguake input; let the spring have
an elastic perfectly plastic charac-
teristic, and let the imput be such as
to cause significant plastic deformation
at some time in the response., Under
thege circumstances which correspond to
moderately severe earthquakes or
craghes, the time history of the ex-
citation prior to maximum displacement
18 irrelevant and the residual response
after maximum digplacement is often a
simple sinusoidal decay. Such behavior
is often not very destructive to
components houged in the main structure.
A typical example is the protection
oifered to automobile passengers by
collapsible bumper supports or by
destruction of front grill work; in
mest cars, there is no such protection
avallable from side impacts. In any
case, this makes a flexible and
frangible first story support structure
for buildin%a look attractive. -If it is
it to be effective, some provision must
be made for final supgort of the
building itself and the frangible links
must be easily replaced.

There are two major areas of re-
search that appear to me to cr{ out for
solution. The first is analysis; what
are the appropriate anaI{cical tech-
niques and design criteria for complex
structures subject to transient inputs
which do not have a simple time history?
We can be certain that the simple
linear superposition implicit in
spectral decomposition methods are
inagproprlate ere, While they will
probably overestimate the response for
mogt reasonable assumptions, they will
probably impoge unreasonable require-
ments €or fail safe design in many
casus. In addition, they will auto-
matically discourage the use of
fran%ible or gield ng redundant links
to mitigate the damage to building
contents, At the moment, the two most
sulitable techniques appear to be a
quasi-elastic deformation analysis
and the use of digital, analogue or
hybrid computers to make time history
predictions. For either of these
methods to ke useful, we need much
better s.ts of input ensembles, We also
need a large library of trial solutions
and a reasonable numbor of destructive
teats for comparison,




The cther important area of research
is a little closer to my academic heart.
We have abgolutely no information on
the interactive effects of modal damping
when a material or structure ig
vibrating simultaneocusly in two or more
frequencies. Whether it be material or
structural damping, we do not know if
the interaction between strain or
motion at two or more different fre-

uencies increases or decreases the
ing of either component.

A great deal of attention has been
paid, in this country and abroad, to
the problems associated with analytical
and computer solutions for structures
subjected to random, complex, steady
state and transient excitation, These
techniques and solutions have all been
based upon descriptions of the system
behavior which have been chosen for
thelir mathematical tractability rather
than their relationship to physical
fact, If we are to have any real
ability to predict vibration and shock
response for these important problems,
we had better learn more about the
physical behavior of real materials
and systems.
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DYNAMIC RESPONSE OF A RING SPRING

by

IIT Research Institute

3 Ronald L, Eshleman
: Chicago, I11linois

The dynamic response of a ring sprinf to high rate loading wi;]
studied analytically and experimentally with special emphasis
on high frequency effects, Explicit analytical expressions fo
ring spring force-deflection curves with separate stiffness an
damping terms were formed, The mathematical model which rep~
- resents the spring mass elasticity and damping is a form of th
1 classical wave equation, This model was used in conjuncti
- with a massive rigid body to study its shock isolation char=-
acteristics analytically and experimentally. Tests were con-
ducted on one and one-half inch diameter springs in an MTS
closed loop electrohydraulic shock igolation test machine.

INTRODUCTION

§ The dynamic response of the ring model is capable of predicting surging

, spring to high rate input loadings was of the ring spring and high frequency re-
studied analytically and experimentally, sponse of the isolated mass.

Special emphasis was placed on the under-

standing of high frequency effects. When
high rate input loadings are applied to
a ring spring, surging of the isolator
can occur at one or a combination of its
natural frequencies if its inherent damp-
ing 18 not effective, High rate loading
results from weapon effacts, machinery
excitation or transportation environ=
mentg., A distributed parameter model was
used to calculate the local response of
the 1golator and the higher order effects
on the isolated mass, Finite difference
equations programmed on the digital com-
puter were utilized in the local response
calculation.

MODELING

The analytical and experimental
studies on the response of the ring
spring to high rate {input loading were
conducted on simple isolator-mass models.
The analytical model consisted of a ring
spring and its associated isolated mass,
as shown in Figure 1, The fsolators
were modeled as massless, flexible,
damped elements so that gross response
of the isolated maas to programmed high
rate input motion could be obtained. In
addition, the rinf spring was modeled as
having continuously distributed mass and
elastic This

Preceding page blank

ity for local response,

1

The high rate input motion, pulsge,
shown in Figure 2, had a 2,71 in., peak-
to=peak displacement, The maximum input
velocity was 150 in./sec, 803 and higher
accelerations were obtained depending on
the exact shape of the pulse.

The experimental models consisted
of parallel ring apting-mall systems
(Figure 3), The experimental model of
the ring spring isolation elements was
gselected to meet the p%glical constraints
of the test fixture. e MIS closed loop
electrohydraulic test machine wag uged
to induce the controllgd ulse to the
shock isolation system's base.

%——‘ y(1) }-—bx(t)

Fig. 1 Shock Isolation System
Model, Ansalytical
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Fig., 3 8Shock Isolation System
Model, Experimental

PHENOMENOLOGY

The ring spring, shown in Fiﬁure 4,
is used where space {s 1imitad and a
large amount of energy must be absorbed,
Energy is absorbed by the coulomb fric-
tion forces at the interfaces of the ad-
ioining sections, The spring deflection
n the axial direction {g obtained from
circumferential compression of the inner
rings and stretching of the outer rings.
The damping force between the conical
surfaces of the adjacent rings is pro-
portional to axial displacement, Fig-
ure 5 shows a typical ring spring load
deflection curve with its hystersis loop.
Por increasing loads, the friction
forces and elastic forces act in the
sams direction to abgorb s large smount
of enargy. Upon release, the friction
force reverses and some of the elastic
energy stored in the rings is used to
overcome the opposed friction force.
This resuilts in a load release curve of
snaller slope., The area ingide these
curves represents the energy dissipated
by the spring per use cycle,

Fig. 4 Diametral Section through
Ring Spring

r
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Fig, 5 Ring Spring Load
Deflection Curve

The annlztical expressions (refer-
ence 1) for the ring spring force-
deflection curves in compression and
return are given respectively as

-~ B

P = TEA Q + a)fa (1)
c (1+KL) =i tan a
r n
| o i
- rEA 3
- 1 n_o a=
PR W tan G ¢ ()
rmp(1+~x§) J
where:

P = Force

6 = Deflection

E = Modulus of Elasticity

a = Angle of taper, conical surface
Mean radius of rings

Number of rings

At = Cross-sectionsl area of
inner ring

3 »
[]




Ao = Cross-~sectional ares
of outer ring

4 = Coulomb friction coefficient

mEA tan a
B = (3)
rmn<3 + KL

[+]

Let

Then
pc-gaw (4)

l-p tan a

Py =B tan o - U 5)
1+ ptan a

Expanding equations (4) and (5) for
small values of U tan & and dropping
higher order terms, the force-deflection
curves in compression and return become

P, =68 (1 +tan o +u? tan a

+ 1 tand @ +...0) (6)
Pp =8P (tan a - u -~ utana

+“2 tan0+...-) (7)

The spring and damping terms for the
tring spring can be obtained by separating
equations %6) and (7). The spring cone
stant is

K = B tan a. (8)

The damping constants are

2

C, = Bu (sec“a + i tan «) (9)

2

Cp = -Bu (sec“a - u tan a) (10)

Equations (6) and (7) show that the
damping force due to Coulomb friction is
a function of ring spring deflection.
This phenomenon results from the fact
that the normal force between the fric-
tion surfaces is regulated by the elas-
ticity of the spring, Equations (8)
shows that the ring spring stiffness is
a function of the spring geometry and
its modulus of clasticity. These rela-
tionships were used in tge sanalysis of
the spring's shock {solation qualities.
The data on ring spring used {n the tests
ts Iisted below, . .

B = 6350 1b/in,
i = 0,105

k = 1530 1b/in.

C. =72 1b/in,

Cp = -688 1b/1in.
ANALYSIS

The ring spring isolation system
was analyzed for its natural frequencies,
gross reagonse and local response, The
analytical studies were conducted with
the gid of the previously described mod-
els, The eigenvalue problem for deter-
mination of the natural frequencies was
solved graphically utilizing analogous
gsolutions existing in the literature.
The dynamic response of the ring spring
to high rate input loading was pro-
gramned in FORTRAN IV and calculated on
an IBM 7094 digital computer.

The model distributed mass and
elasticity isolator system shown in Fig-
ure 6 was used for the calculation of
the system's natural frequencies and re-
sponse to high rate input loading. The
equation of motion, Equation (11), and
boundary conditions, E?uations (li) and
(13), were used to analyze the response
of - the isolation systems.

ylt) |—>x(' uldy)
—»s  >u(s,t
m,E A ™

Wit
Lr—- L —p

Fig. 6 Distributed Parameter Isolation
System Model

TEA; tan a (tan a W) 52
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o
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vhere

u(s,t) = local displacement of
ring spring

. = space
t = time
| = length,

At 8 =0

’
0 for natural frequency ,
calculation (12)

u(0,t) = {y(t) for reaponse calculation.
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rmn(ltF ® tan a@@ (13)

These equations show the linear
elastic characteristics of the spring
and the directional characteristics of
the damping force. The undamped natural
frequencies of the system wece obtained
using equation (11). From the analogy
to a bar in longitudinal motion, the
wave equation yields the following fre-
quency equation.

5 tan 8 = ¢ (14)

where

e = m/M

m =~ masg of the ring spring

M = {solated mass

by = lni/a. roots of equation (14)
£ = iength of isolator

Q = natural frequency

a = £ \k/m wave velocity

k = equivalent stiffness
(equation (8)). ,

For the small values of mass ratio,
€, obtained in these configurations, the
solutions to the freguency equation are
given in Equation (15).

02 w e first mode

6t = {7 gscond and higher
_modes

 (15a)
(15b)

Equation (15a) given the first mode natu-
ral frequencieg of the systems directly

and 1s
1 e Vk7H

merely the rigid mass, M, massless {go-
lator, k, natural frequency that i{s ob-
tained from simple vibration analysis.
This occurs because the {solated mass 1ia
so much larger than the mass of the isola-
tion element. In addition, for the higher
modes of vibration (surging), the {solator
appears to have fixed end conditions.

= ir f

The following numbered valuss were
obtained for the natural frequencies of
the ring spring isolatior system tested.

(17)

-(16)

10

= 1530 1b/in.

0.0079 1b-sec?/in,
2,50 1b secZ/in.
0.0032

6000 in./sec

14.9 in,

1" 3.95 Hz

0, = 2201 He.

3
m
M
€
a
4
Q

The local response of the shock iso-
lation a{atem to high input loading was
numerically calculated on the digital
computer, The wave equation (Equation
(11)) which describes the motion of the
system is basically a force equation,
Motion inputs are constraints on the sys-
tem and are therefore time dependent
boundary conditions. T1f the motion input
occurs within the physical boundary o
the continuous element rather than at the
boundary, then 1t is termed a specified
internal bourdsry condition at an in-
ternal boundary. Input motions must be
given relative to an inertial reference.

Since the input motion of the iso-
lator cannot be characterized in a func-
tional form it is advantageous to use
its digital description as sn input to a
finite difference description of the sys-
tem, The present ISOLA program con=
tains a digital description of the input
wave form., The subroutine that calcu-
lates the local responge of the ring
;gring uses central difference equations,

is analysis {s described in detsil in.
reference 2. -

The vesults of the local dynamic

- rasponse caloulations are shown in Fig-

ure 7, It ghowu the acceleration re-
sponse in g's of the 960 1b mass 1s0lated
from the input wave form (Figurs 2) by a
ring spring. :

EXPERIMENTATION

The dzhamlc response of the ring
spring to high rate input loading was
studied experimentally using a closed
loop electrohydraulic test machine. The
shock wave form shown in Figure 2 was
applied to the isclator-mass system,

" The electrohydrsulic test system i
comprisad of five basic elements: the
pump, the servovaive-actustor system,
the {oad frame, the transducer-fesdback
system and the control console. These
units provide {rlunry h{draultc povar,
slectrohydraulic control, specimen or
¢ wnt containment and control., The
machine hae the following capabilities:




A T e i P4 44 A iy A an e im s e e et

MASS ACCELERATION -M-

YY"

B s

TIME-msec
Fig. 7 Local Response of the Isolated Mass Subject to IMT Input Pulse - Ring Spring

e AR T

- :‘.f”.mﬂg)

Ay Sreade N

iinartds T ABNRS

Revroduced rom—0 2
bast o ‘::il'. u.'O::’

F{g. 8 Ring Spring Shock Test Equipment

11




the stroke range is + 5 in,; maximum
stroke rate {8 12,000 in./min; maximum
acceleration is lgO g. I1ts characteris-
tics, capabilities and operation are
further described in reference 3.

The guided loading fixture, with
the ring spring, Figure 8, provides the
base loading of the igolator, and a 960 1b
lead weight simulates the isolated equip-
ment. Both items are free to move on
the test machine loading and reaction
frame, The loading ram applies the ma-
chine generated to the shock isolator
under test. The loading fixture was de-
signed to have a minimum weight and a
high natuval frequency. Individual sup-
port fixtures are designed and built for
each shock isolation system tested. The
details of the test equipment, instru-
mentation and testing are recorded in
reference 3,

The ring spring consisted of two
columns of 62 ringe on each side of the
mass, A wave form with a 2.71 in. peak-
to-peak displacement was used because
the stroke of the ring spring was short,
The elements were not precompressed. The
rings were held in their proper relative

position by internal and external sleeves.
FPigure 9 shows the results of these
tests.

DISCUSSION

The analytical-experimental results
ofb§h1: invescigation are summarized in
table 1.

The experimentally determined re-
sponsc of the mass isolated with a ring
gpring shows good isolation characteris-
tics as compared to a helical spring
(reference 2) whare local surging is ob-
served. The ram acceleration of llég
reduced to a mass response of 1.61g gave
98 percent isolation. The local response
results are in falr sgreement with the
experimental results. In the experi-
mental record no surging was observed,
but the naturszl frequency of the rinf
apring isolator was found analytically
to be 220 Hz. The local reaponse study
showed a peak response acceleration am-
plitude of the mass of 0.8g at 230 He.
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Table 1

A SUMMARY OF THE EXPERIMENTAL-ANALYTICAL RESULTS OF THE RESPONSE
OF A RING SPRING-MASS SYSTEM TO HIGH RATE INPUT LOADING

Fundamental

“he u{or disadvancage of the ring .
{s the rattlegpice required for {te use.
ttes ratio of free helight to solid helight
s lavge due to the small deflections
obtained per ring. In order to use the
ring spring in practical rituations,
auny rings =ust be stecked in serics.

AEFERENCES

1. A.M.Wahl,'Nechanical Springs”, Penton
Publishing Co:, Cleveland, Ohio 1944,

13

elative Mass Mass Mass
isplacement [Acceleration| Velocit Secondary Natural
Ran Ram (in,) (g) (in./sec Effects Frequenc
Time PDisp., |Accel . |Anal. | Exp, | Anal. ng. al, Exg. Anal. { First Mode
(ms) [(in.) | (3) M13A [#21 #15A | #21 F15A 1#21  (#15A | #21 Damping
08 0 ave | == wre | wae ave | ewc | wea 'g ‘ .5 B
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0.07 [ 0.194) wex [ eee | eee feem | oo e feee | ¢ IRARLS B S
0.091] 1.858]116.0] 2.42 [ +1.91| 1,41 ] 3.04f 1.05[ --- Lltr oo
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0.095] 1.728}. <=~ | ==~ wse | ew- coe | o= - g o.§ 0 .ﬁ. . u
OAllo 0 '37:0 - - -ow add) --- 23.4 Y g:“ § . > >
0.112[-0,087] w=« | cva | eve Jeme | ace | e fn} B ISS T EE §
. ] & lwan| o
0,120[-0,475] === | ==~ w=e | e=- woe | wwe | wes e I E“* g g %

i I B R = [
0.128[+0,755| ~=- |-1.37 |-1.6a} - 53 4 g8
0,146 |-0,996] = | «-- cne (o101} =2,61] sw= | =oe 38 g,,, -
0.157 -0‘865 c--— - nee oww Py ewa e ? R g;
0,169 [-0.583| === | -=- wee | awe N R S y g té 3
0.183120,346) «=n | oo | cee | eee | ec Jers50]<30.0] S R

d M OM
0.220 . o - - -aw -he - L XL X 3 LA X 3 x a : :
0,30 | 0 foeme Joeow b ocec feer ] wen ] ene &s.ol , .
CONCLUSIONS 2. R.L.Eshieman and P.N. Reo, "“Tho Re-
S ' s;‘mnu of Mochanical Shock Isols-
It cen be conciuded from this study tion Elements to High Rate Input
that the ring s(;rmg {3 an wxcellest 'hud(nt"- ‘The Shock and Vihration
shock ‘isolator for sttenyetion of high © Bulletin, No. 40, ot &, pp 217-2W,
rate lo_ndm? phenomena, High frequency - Duc., 1969,
vibration of the isolated mass due to B} o - : :
wring'mrégx' is not obtained becavse 3. PN.Rav and K.E. Hofer, "Design snd
the local oob demping forces {n the Development of & Shovk Isolatien
_spring control this phenomena. From - Evaluation Systoa for High Rate lo-
this vesule, {t ¢an concluded also put Loading ™", The Shock snd Vibra-
* that externasily generated Mgh frequency tion Bulletin, No, 40, pt $, pp 245~
phenomona would be attenusted by the 260, Dec. 1969, _
ring soring, : o . o
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DISCUSSION

Mr, Clevenson ( ey Research Center):
You showed the compressive characteristics of
your spring. Can we assume that the tensile
characteristics are similar?

Mr, Eshleman: It can not take tension. It
must be used in a situation where it is com-
pressed and then released. There are no tea-
sion cuucteristicn.

- Mr. Schell (Naval Research Laborato
How would they be stacked mechanically

Mr. Eshieman: We put a post on the out-
.ddemdapoamthomdde,uhtulucaphc
device with the spring in between,

Mr. Plunkett (Unlnm;x‘ of Minnesola):

"1 am concernad, In ce,
. rupocttoamplncthamx_euyou reverse the

motion you in fact get no diasipation at all.
, Wmt you think it would be possible to get
2
long-travelled low frequency vnmnon M -
would e no- thpln(?

Mr, Eshieman: nhmklryouuudaslxle _

spring, this is possible. We used a double
apring, one on each side, 80 one of them was
always in compression. s difficult o use

cy vibration on top of a relatively

you could get the high frequency transmitted if
you ased it that way, but if you use it always
with one side in compression, then 1 think you

get the damping.

Mr. Gertel (Kinetic gueml: You made
the rvation that there high {re-
quency attenuation, Judging from the hysteresis
or the force deflection curve, with the {riction
bowtie loop on it, I would suspect that near the
end of the stroke of the spring whers the fric-
tion hysteresis force would be rather significant,
you would be easentially locked out friction-

- wise and any high frequency vitrations within

that {riction band, interpreted in terms of g
relative to the lond, on the spring, would be -
locksd out and Umnamitted directly through
withthoumldinﬂvaaheedumcuondamped
lyown. ]

g,x_*,____l,g_tgy_; You vtust remember that

' during the use of the spring, and during the -

mmamummm Yu. o
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motion each apring ie in » diiferent part of the

. hysterenis curve. That curve is a static curve,
but really it is a massive dynumic systom. That

means that while at one end of the spring you -
may be on one part of the hysteresis curve, on
the other ond you may be on a differont pant,
mnmybebcuumm\uhnywmu
true.




SHOCK MOUNTING SYSTEM
FOR ELECTRONIC CABINETS

W.D, Delany
Admiralty Surface Weapons Estahlishment
Portsmouth, U.K.

tests,

(U) Shock and vibration isolation of electronic equipment on naval ships

can be adequately provided by a viscous damped spring system which has

a vertical natural frequency of 8 Hz, damping 0,15 critical, and a relative
displacement of 2} inches. The major difficulty in the deslgn of shock
moums for general use is meeting these requirements when an additional
constraint is applied of limiting the space which the aystem may occupy,
such as for a tall cabinet in the usual environment in a ship's compartment,
A uset .1 shock mount should not fall on repeated deflection due to either
shock r vibration, nor should its performance vary unduly with temperature.
An experimental shock mounting system has been designed to meet these
requirements, Results are given of some shock, vibration and endurance

INTRODUCTION

A commonly used electronic cabinet in RN ships
has the dimensions: 5-6 ft. height by 2ft x 2ft plan,
and weight: 409-600 1b, Such cabinets may be
banked closely together in rows, and are usually
mounted on a plinth against a bulkhead, but are
sometimes free standing. There 18 often only very
limited headroom above the cabinet due to the
presence of cable trays, and ventilation ducting.

The experimental shock mounting system
derceribed was designed specifically for this
application, The main objective in its development
was to Isolate such a cabinet from any number of
shocks of any degree that would be lethal to a ship,
withont increasing the prescribed space necessary
to achlev?> this,

SPECIFICATION OF MOUNTING SYSTEM

Assuming a viscous damped spring system, it
was congidered that the vertical natural frequency
should be as low as possible, subject to the
amplitude belng ncceptable for resonance at the
subharmonics of ship whipping. The damping must
take account of this and also be sufficient to
minimise the effects of fatigue on components in
the electronic cabinets,

Experience based on these assumptions has
shown the following specification to be a reasonable

15

compromise for these requirements:

Natural frequency 6 Hz
Damping 0.13 critical
Deflection +2} inches

This allows an acceleration on the load of 9g at
maximum deflection.

It must be recogniacd that to some extent the
epecification and the design of any shock mounting
system arc dependent on each other, If the main
criterion were minimum deflection the use of a
non-lincar spring, or non-linear damping might
be required. In the design described however the
above spectfication is adequate, und (s gencrally

_accepted as such, . -

The additional constraints implied in the
requirement of the design were that the isolating
system should occupy the minimum apace,
particularly above the cabinet, and between base
and deck, It should also withstar.d all likely ship
transmitted shock,
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BESCRIPTION A - _ . splitting, The middle region of each of the spring‘:_
: ) }eaves is;reduced in Wilckoess, in order tc obtaks
Fig. s I8 a photugraph of 4 test framae carryiog . low stiffness, ui the saxe time keeping the

an electronic cabinet on the mounting system. stresses low in the region of the fixing bokis..

. ‘ ' : Countersunk washers are boaded to the moaldings = .
to sprcad the clamping force, wnd do not encigack - ¢
on the space available. for deflectiun. .

Fig. 3. is a photograph of the combined back
fixing, lateral spring, anu damping mechsnism.
It consists of twe foam butyi-vabber pads bonded to
a metal plate attached to the cabinet, whizk passer
between two rollers i\'a frame sttached to the

stiip's oulkhead.

Fig. 1. Side view of mounting system.

The spring su-pension is at the base and
consists of four glaes reinforced plastic (G.R,P,)
leaf springs.

Fig. 2. is a photograph of one of these springs.
which is a hot press moulding of epoxy resin and
continuous glass filaments laid longitudinally,
‘The outer surface of the moulding is glass cloth,
which binds the [ilaments together ar . prevents

Fig. 3. Damping mechaniam,

ASSEMDBLY OF CABINET AND SHOCK MOUNTING

Roproduc‘edbiirom @ SYSTEM
ilable copy.
bost o2t = This would be carried out on Loard ship as

iollows, ‘The roller frame would be attached to the
bulkhead by bolts, or welding, an operation for
which there need be little precision, The springs
are bolted to the plinth, or directly to the deck i1
suitable, and would have to be located by a jig. The
cabinet to which a sujtable buck bracket had
previously been fixed would then be brought to
position on the springs and bolted, The sandwich
plate would be pushed betwu..: the rollers and
holted to the hack. bracket on the cabinet,

In some cases it may he more convenient fnr
. the foum rubber plate to be arranged in one of the
Fig. 2. G. K. 1", leaf spring,. alternative ways illustrated in Fig, 4,
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DEFLECTION L '
$PACE . \ .
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: % 0 YDAMPER
i -
. ,‘_-,‘M PUSITIONS
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P | r
N . [_,:: R\
* CAMBERED DECK! TESL PLINTH

'ig. 4. Side view of altemﬁﬁve instalihiions.

“Fren stancing consoloe whick m: 3t not be
attachad to the deckhead will require a false
bulkhead to be fixed to the deck to provide a rigid

fixing for the uamping riechanism. ‘this may be
behind the consoiz, or alternatively smaller ones
could be placed either side if more convenient,
When the cabinet is mounted in position,
electrical cables, watcr hoses, ilexible air
ducting, etc. may be connected, due allowance
heing made for full defloction of the mounting,
ADVANTAGES OF SYSTEM
These are; -
1. Shock isolation up to ship lethality.

2, Minimum space requirement above and below
cabinet,

-3. Easy installation, not requiring high precision.

4. No maintenance required.
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§. Re!nb&e - can enuy bebupecasd

6, \ot mbject to fat!gue long life. axpectancy,
7. Wida tenq#eramré‘operatlng range,
8.".£eaistanl to chenéétal an:'!‘oll attack.

9. Overheas:‘ cable u-}m‘y to'xhe vahtnet is
facilitated.

1¢, Wide maiufacturlng toiginnces are acceptable,

il l.ateral mock isolmoa is provided, with
.riependem:\‘y adjustable stiiiness.

Il..Dampimz mn‘enal utilised in displacement
du= to shock is pot statically-loaded, and not
suhjec’ to creep

13, Damping matesial is londed only by compression
o\mng shuck motltm

14 Non magnetic ~ zoyld bs pon-metallic if

: req\ln' e&o

 15.Leweest, -

i8. Nc;ﬂba‘cklash in damping me~hanism,

"~ DESICN DATA

G.R.P, Spring’

Material: Epoxy resin with anhydride hardener/
glass filament, press moulded at 100 C-for 4 hours.
Glass/resin rativ 805 midway -along spring
gradually reducing towards ends to 60/70%,

Nominal load per spring 100 tb,
Vertical height unloaded 4.1 inches.’
Vertical height loaded 3.5 inches,
Width 3.0 inches,
Overall length 14 inches,

Available deflection-compression 2.7 inches,
Available deflection-extension 3,0 inches,

Calculated maximum stress at 100 Ib load =
8, 7001b/sq, inch,

Fatigue tests:

10 cycles at cmplitude 0, 084 inch peak to peak at
18 Hz,

30 minutes contlhuous at amplitude 2,5 inchea
peak to peak at 8 Hz.

No deterioration was observed on conclusion of
iese tests.



Fig. §, shows typical fozd/defleciion

¢haracteristicn fur ene spring for a vange of

- semperatures. The springa were tested in pairs.

. LOAD {Ld%)

LOAD (LBS)

LOAD (LBS}

500

L.H.8 LOAD
~===— RHS LOAD

SHEAR (INS} AT RIGHT ANGLES TO SPRING

Fig, 5 Load/deflection curves of G, R. P. spring

: Damp!gg‘mecbanlsm .

aterxa.! Foamn butyl rubber - commercinl
grad~ used ii the hz!iding industry.

36 th/oub. ft.

Densii;y
S Width - 8 inches
" Thickeess 1 inch
Compression 0.7 inch
Roller dia. 2 inches
Rclie«r length 18 inches
LABORATORY TFS’I‘S

,':‘ The cabinet shown in Fig 1. was the mounting
system tested, The cabinet weight was 400 1b,
dimensioas 5ft height by 21t x 2ft plan, and the
height of the C.G, was 32 inches above base level.
Four springs were nsed for the mounting, -and ope
damping meéchanism was used for back fixing. '

Vibration tests were carried out at A.S5:W.E,
and the results are glven in Table 1. The decrease
in. amplification at the lower amplitude in the

- 'Vertical direction should be noted, which is

probably due to a coulomb friction effect in the
plam roller begrings, -

TABLE 1, thrntkm tests,

’ Natural Input
Rirection Freguancy amplitude Amplification
(H2) {inch)
Paak to Paak
Vertical 58 -0.010 2
0.020 4
Horizontal
(paralie! 4.2 002 - 10
with
rller
axis)
Horizontal
(rt. angles 5.6 0.02 12
to roller
axis)

Shock tests were carried out at Admiralty
Engincering Laboratory, West Drayton, Middlesex
on the Admiralty 2 ton shock test muchine.

This machine consists of a horizontal table which
is struck from below by a projectile drivenup a
vertical tube by compressed air released from

n storage chamber,
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TABLE 2, Shock Tests

MEASURED RESONANT
FREQUENCY OF DEFLECTION
SYSTEM VERTICAL AND BECK (ingut] CABINET (Load} {In Direction O Shack)
HORIZONTAL 5.5 Hz.
Tet| [ Asolied | ygocity | Decoleration | Acceleration | Velocity | Deceleration § Compression | Extension
No, | Direction m‘(:)"w“ {ft/sac) ) W | (fsc) ") (inches) | (inches)
1 | Vertic! 745 15.6 51.0 2.46 176 2 1.9 2.97
2 | Vertical 250.0 262 | 1255 174 112 158 1.78 1.8
3 | Vertical 480.0 U8 | 1970 1.83 112 168 1.3 15
Limit Of Test Machine’s
Capsbiljties
At Top 0180 Inches
High Cabinet
4 | Horizontal]  28.4 5.5 244 1.45 1.14 1.33 1.2 1.12
65 | (along 496 8.0 40.0 1.98 1.18 2.44 1.27 1.08
6 |rolleraxisii 9.8 1125 | 607 3.62 1.76 an 1.24 1.89

These resuits were obtained at a temperature of 20°C approx.
The same four springs and damping mechanism were used throughout the tests.

CONCLUSION
The experimertal shock mounting system for The system has not yet heen subjected to test
electronic cabinets described in this paper has a on board ships however. Trials on an RN destroyer
number of practical udvantages, The results of are taking place in October 1971 to cvaluate
laboratory tests have shown that the protection installation, ship machinery vibration, shock due to
given against any transmitted shock up to lethat mortar explosions and sway in heavy seas. The
severity in the naval ship environment should be system wiil be further tested in 1972 on a target
udequate. ship of destroyer size which will be subjected to
shock of lethal geverity.
DISCUSSION
Mr, Pakstys (General Dynamics Corporation): Mr. Koen (Bell Telephone Laboratories):
I noticed in the vertical shock test the second What were the time Intervals of each of your
set of values were legs than the first set of shock tests ?
values even though the input was larger. Is
there a good explanation for that? Mr, Delany: Is it of any help if I give you
the velacily In ;eet per second in addition to the
Mr, Delany: Ido not have an explanation applied accelerations? It would be something
other than that the first set of values may be cerresponding to sine input,

nearer the natural frequency of the system,

There must be some sort of interaction between Mr, Tinn (Admiralty Engineering Labora-
the testing machine and the system under test. tory, West Drayton, Mﬁ%leuex): e shock

But this is quite right, there was actually less machine 18 a long tube and there is a collapsible
deflection for the larger shocks, bullet which is fired with compressed air. When
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it strikes the anvil this puts the input shock into
the system and the shape is controlled by the
collansing head on the slug. The deceleration
phas. . is controlled by the damper settings on
the table. This is the Admiralty Standard 2

Ton machine which takes items up to 2 tons
total welght,

20

Mr, Koen: What was the shock pulse shape?

Mr. Delany: The shape is controllable to
acefﬁﬁﬁl?nltinthattheyusunytrytoobtain

something approximating a damped sine wave in
the velocity.




METHODS OF ATTENUATING
. PYROTECHNIC SHOCK

S, Barrett and W. J, Kacena
Martin Marietta Corporation
Denver, Colorado

spectrum basis,

A series of tests has been performed to evaluate the shock reduction ef~
fects of using various materials as shock isolators both at component

‘mounting locations and at mechanically fastened structural joints.
paper describes these tests, presents the results, and compares the ef-
fects of the varioua shock isolation configurations on a shock response

This

INTRODUCTION

Mechanical pyrotechnic devices are widely
used on space vehicles to perform many vital
mission functions., Unfortunately, a high-
intensity pyrotechnic shock envircnment usually
results as an undesirable side-effect of their
operation. The severity of this enviromment
varies with the kind of device and its location
relative to sensitive components. In the past,
most vehicles used relatively few pyrotechnic
devices and good design practice had the more
sensitive components mounted as far as possible
from the devices to minimize the shock. How-
ever, the trend on more recent vehicles ia to
use increasing quantities of pyrodevices (50 or
more), making it impossible to rely on distance
alone to attenuate the pyrotechnic shock envi-
ronment reaching sensitive equipment.

Failures during shock qualification tests
and sctual flights [1,2] have shown that pyro-
technic shock can be a critical environment for
certain types of slectronic components. A need
to develop techniques for attenuating pyro-
technic shock clearly exists and the purpose
of this study was to jdentify and evaluate such
techniques, The study was sponsored by the
National Aeronautics snd Space Administration,
Langley Research Canter, Hampton, Virginia,
under Contract NAS1-9000.

Four basic approaches are apparent:
1) Reduce the shock produced by tha pyro~
technic source;

2) lsolete the shock source from itm sup-
portiag structure;

J) Increass the attenustion occurring in
mechanical joints in the shock path be-
tween the source and componants;

4) Shock-mount components.

These approaches are listed in thelr ordex
of desirability; obviously, if 1) could be
achieved effectively, then the problem would be
solved, However, it may not be possible to
modify and requality a piece of flight hardware
in the time available on s particular program;
in additicn, such a solution would probably be
different for each kind of device. The second
approach is also greatly dependent on the in-
dividual application. Separation nuts, for ex-
ample, frequently connect major structural ele-
mentsé and are required to transmit large forcaes,
80 there are obvious restrictions on the kind of
isolation materials that can be added to the
system. Thus, the last two approaches listed
are probably the most universal in their ap-
plication., The study described in this paper
was directed toward obtaining test data on
these mathods.

When the shock pulse caused by & pyrodevice
travels across a mechanical interfsce, sone
sttenuation of the pulss occurs due to the re-
flections of the wzvi ..insmitting the energy.
This attenuation can be increased if two dif~
ferent materials make up the interface. In
thig context, the materials are required to
have different mechanical impedances. This
phenomenon {s discussed in detail in Appendix
A,

Shock mounting of sensitive components can
be achieved in wevaral ways., These include hard
mounts where the impedance mismatch of die-
similar naterials provides shock reduction,
mount ing brackets where the {mpedince affects
of bracket geometry are important, and soft
mounts wvhere relative motion is the significant
paraseter. Of thess the greatest shock reduc-
tion is gensrally achieved with the soft mount.
The primary effect of the soit mount is to
create a low-frequancy single-degres-of-{reedow
systea vhich changes the shock waveform as
though it had been treated by a low-pass me-
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chanical filter. The low-pass mechanical filter
concept is described in detsil in Appendix B.

TEST PKOGRAM

Joint Attenuation Tests

A number of tests were run on a model intor=-
porating a simple mechanical interface, in which
different materials could be inserted. A shock
pulse was applied on one side of the joint and
the shock level was measured on both sides. The
test setup, including accelerometer locations and
the joint details, is shown in Fig. 1 and 2.

Specimen Suspended with
Four Elastic Cables

8 in,

Accelerometer Locations
naar Mechanical Joint

Three families of materials were investi-
gated. Trhrse were metals, hard nonmetals, and
soft nonratals, The sctual materials and con-
figurations tested are listed in Table 1. The
joint was first tested with no insert, to pro-~
vide + basis for comparisor with c¢ubsequent
joint configurations. A totsl cf 35 joint %
configuratio:s was tested. In .avery case,
the effectiveness of the configuration was
judged, in terms of the resulting shock spectra
on the side of the interface furthast from the
input, by comparison with the r:sult from the
untreated joint.

Shock Induced by

4 in. Pendulum Impact on

Far Sid. of Beam

Two 3-ft Pieces of
4-in, Aluminum Channe)
(3.32 1b/1in ft)

Fig. 1 Beam Specimen Test Setup

Nicaded
Fartoner

Q MO-th Steel
Cegring ‘arhae

insert Mgtsrtat

Fig. 2 Joirt Detatls
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TABLE 1
Joint Configurations (See Fig. 2)

oint Insert |Ingert
Configuration Insert Washers | Thickness | Durometer
wber Materials Used {in.) (Shore A)
1* None No ) .-
2 Steel (S) No 0.060 -
] Magnesium (M) Yes 0.125 .-
4 Tefton (T) Yas 0.12% -
5 Phenolic Yes 0.100 -
6 Fiberglass Yes 0.125 --
? Asbestos Yes 0.125 --
8 §-$ No > -
9 T-M-S-T No ! --
10 N-S No N --
11 M-§-M-§ No ¢ .-
12 $-M-5 No ¢ -
13 M-S-M No * .-
4 M-3+5-M No t -
15 1 Steel Ko 0.060 .-
Washer (W)
16 N No ¥ .
17 Ll No H -
183 W %o -
19 [1] No v -
20t oM e -
21 M-5-5-M No ! .
2% None No - -
FE Neoprene Yes | 0.063 50
24! Neoprene Yes 0.063 60
251 smcon Rubber | Yes 0.063 50
26" Viton A Yes 0.063 75
am Adiprene Yes 0.060 87
28! Viton A Yes 0.125 75
29" Keoprene Yes 9.250 80
k )¢ Viton A Yes 0.094 75
31: Neoprene Yes 0.125 50
Neoprene Yes 0.25 50
1t Alminum Yes 0.250 -
34: Al uminue No 0.250 .-
% Lead Yoy 0.100 ..
*ard joint (baseline) configurations.
'Thickness of nu!tlgle inserty fs the sum of tndividual thick-
nesses previously listed.
*Loose joint,
lubhe sleaves around bolts.

The results are summarized in Table 2, with
typical comparative shock specits shown {n
Fig. 3 through B,

Couggnont'l!olat;on Tests

Shaker tests wvere performed on 13 different
component configurations. Fourteen of these
invelved the '1,38-1b component deplcted in Fig.
Y. The lnput shock shown in Fig. 10 vas syn-
thesized using Ling Shock Synthesis/Analysis
equipment, Testing proceaded firet with a
hard mounted configuration, fulloved by 1) -
woft mountled configurations. The soft mounted .
configurations utilized a pair of wsoft washers
to simulate commercially available grommat-
type mounts. Table ) presents the relevant
conf lguration data,

Table & shows these test results in the
form of percent of reduction in shock luvel at
the spectrum pesk, and Fig. 1] and 12 illustrate
typical shock response spectrs at sccelerom-
ater locstion 2 for the hard sount and ochor
conll;urn;lonn.

rH

Joint Shock Reduction (Relative to Hard
Configuration Mount) at Spectrum Peaks (%)
Number Location 2 | Location 3 ]| Location &
2 16 22
3 20 14
4 40 25
5 4 11
6 12 14
7 16 14
8 xr 3l
9 20 20
10 3% 51
1l 40 k]
12 k') 40
13 40 17
14 2 40
15 24 k']
16 0 6
17 0 i}
18 46 48
19 16 20
20 56 62
2 40 40
23 0 2l
24 0 4]
25 47 42
26 14 15
27 23 42
28 k] 50
29 23 47
X 2 2
3l 4 52
k] qQ 40
k] 17 15
u 17 4}
k1] ¥ 40
10,
Q- 10
Y
Accalerometer
i
g o
o
Iy
»
g un*~

TABLE 2
Observed Shock Reductions from Joint
Isolation Tests

Frequency (N2)

Fig. 3 Shock reduction across untruud Joint,
Conﬂqurmon l
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10,
Qv 0
Configuration 1.
i)
'; Configuration 11_{
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TABLE 4
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4. A heat-shrink rubber slesve around the
bolte fastening the §cint {atroduced signifi-
cant shock reduction (Fig. 6).

3. Aswesbling the jolot to be lovse
cavised sdditional shock ndm:ehm acrose the
"~int (Fig. $).

B, METAL (NSUKCR

1. Lead wvas the unly saterial to produce
significant shock reduction vhan used alone.

4. Multiple inmertv of stesl or steel
vaghals wers wo wore effectiva than & siogle
steal insert, giviog aniy @ wlight rﬂuucn
{Fig. 3. :

3. Alteruate layers o stael acd wagoe-
sium a5 Ldierts provided the best veductions,
up ta JO ot 40X (Fig. ). -

40 Aay teduitive schiwved Chedugh Lhe use
of matal insetis caly applicd to Lhe wppm
frequancy renge; thers vas effectivaly oo
teductiun below about 1500 ks (Fig. &),

C.  MARD SOMNETALS

1. %o aigniticant stienvation vas
achiaved uatng single iubcru of hatd ton-
metals.

D, SUFT NONNLTALS

1. The thicker and softer sagetials
siwved wore than 405 shock reduction st
higher (roquenc fus, with sbeut NI reduction
ot lover frequenciss (Fig. 8).

As & result of the theoretical develop-
ments in Appendix A snd attempts to correlate
these developments with the joint test datas,
it was found that the attenuation effects of
the untreated joint and of the isolsted joint
could not be predicted analytizally. Although
saveral joint configurstions did exhibit
shock reduction characteristics, the bast
estimste of sttenuation for other configura-
tions wvill have to be based on empirical re-
sults such as those presented in this paper.

0f the joint configurations tested in this
study, a lcose joint exhibited the greatest
attenuation. However, the use of loose joints
is not particularly good design practice and
is likely to creste mors problems than it
solves, Furthermors, whan the insart ma-
terials used are eiastomers or lead, vwhich are
subject to cold floving under load, the time
between assambly and flight may dagrsde the
sfficlancy of these mazerials, thus precluding
their uss. [Finally, cany design sngineers
iroun on the use of & rubber sleeve around the
fasteuecs at major structural joints. Thair
rationale i3 that it is bad design practice o
raly on frictiou to carry shear loads iu o
Joint that is not mu,,osed to displace.

Based on the results of thia study and the
objections stated abeva, the mest prac-ticsl
Jolnt {solatlcn insert naterial would favolve
sultiple layers af tvo or pote matajs. The.
wx3ct conf iguration, of coutee, would depend
an the évatlable space and the structural ne-
tetialy un eack sbde of the joidk. {f the ’
prisary structure is atunigum, eud if inserts
wl steel dnd magaesium ate svalleble, as they
very in this atudy, the cwosmendel ineerl
would be four alteraste layets of sagnesion-
iteel-sagneniva-atesl 18 srder from the shwck -
side Lo the ceaponae wide of tiw Joiat. fhiw

"is an stes vhute sore test data sewls to be

sicumilated {0 ordec to ldentity the ispor-
tacce of the many peramsters involved.. Uthet
types and thickaesen o saterial showld be
teied, a5 vell sv diilovent Totms of shock
ingut.  Vutther testing in this eres s wchad~

wied to be perfotwad by the suthors, veing

Jeat wodel sure ciwrecteristic of ¢ real space-
cealt ool sctual prroteachnic devices. ke je-
sults of these tewts vill be ave’ tiable {e the
early patt of 1972, .

tongunent lselstlon .

Dats from the componest iselstion iests,

- sunmericed In lsbie 4, isdicate that the shock

sitenuation tends to loccesse a5 the mduated
natutel frequencsy decruases. This trend 19
consistent with the sechenical {iitet obu®pt,

- and is illustrated 1n Fig. 34,

A secoad chatecterintice of & sachanical
{iltes in & slight swplification of the shock
apecirum up te Lhe sounted watural (requency
but with toduced [evels ot highat fraquenciss.
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Fig. 14 Shock reduction versus mount frequency

This characteristic is also quite evident in
. tha data presented In Fig. 11 and 12. On the
relay package tesc, The existence of low {re-
quency amplificatien could not be verified
bacause ol & relatively high nofse level in
the lov-frequency data.

The analytical discussion ot a shock -
soutted cospanent, which s presentsd ia Ap-
pendix 8, concludex with 8 techaique for pre-
dicting the shock reduction. This prediction
technique tequites & shock speccrum of the
rotiott input to the comzonent awd knowleige
of the mounted natu 31 Creguancy. [t sssumes
that eutlun fngul s lmpulelve it teture aod
that the .oepInent noves (o & single degrew -
at-freadom with & Aoown value of damping in
the wsuat. o

This technique vis sppiled uiing the ieput
shock npesttum snvelope [tol Lhene compotiant
tests and sasuaing LUK damping 16 the wount.

W Tig. i3, Cbe solid line repressnts the pre-
dinted aldck #U7 ebuntion; -the deshad llue alxe
Tapeeseitys the pradicied sttsavatinn, but hefe .
the predicti-n bas bera teduced by an athittary
factst & twe. ’
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Fig. 15 Comparison between trst dsts avd
predictions

Although the dashed curve is & wore con-
servative prediction, it also appears to be
more descriptive of the test data, particu~
larly for the highar frequescy sowunts,

This noticeable lack of correlation be-
tween test and prediction is not uscessarily
attributed to deficiency in the prediction
technique. In Fig. 15, the data points vepre-
sented by "¢ came from shock spectira having
shapas characteristic of the sechanical filter
concept, but the dats points represented by
‘'e" cama from shock spectra having an initisl
peak at the mount f{requency and & higher peak
at approximstely 2000 Hz. The existence of
this second peak (Fig. 12) indicates that the
component, at least where the vesponse accel-
eroseter vas mountsd, did not cperats in a
single degree of Ireedom. Furthersore, &
2000-Hz nstural frequency of the component’s
structure could be driven by & racher lightly
damped sinusoid at approximately one-tiird the
frequency, say 550 to 700 Ha,

The discussion s-.cxu.n preceding may

- svwd like rationalizativn to justify tha pre-

dictior techalque, for it is the opinion of
the suthors that the siwik responss of a solt
sounted covponent i relatively predictable
even ot @ shock speckrum vasin.  The primary .
concern of au cguipment dedigner, of course,
is vauslly for the effects Of shock oo the
prvty luside Aty cosponent.  (his probles is
o3t very azenable o analywis becsuve of toe
cunpleritly of the wadsl that vould be vequired;
vever, (1t ia coheiderad Lhat the AppYasch
dlscutend herw san be vaed to dative au eeti-
sdle of the oversl] shiuch sovicooment tor @
isoleted conpoacat.

CONCLL S TUNS

The sivdy siows Lhat 8 wifective and peags

- tical esethod i tedusing the tranemission of

wigh Etuquency shoch estoss o lead=caeryloag
sttustural Jeint ix 35 ves seltiplée indarts of

T two Gt sote sEtals, U ag slwmiouk sttuctvie
the best tesuite wnfe oltalmmd with lavers of

Gagtes tuib-3tee] ~Ragnes Uk steel, stevrting ot
the iapzl wide of the joint. Up te UL totel
tedustivn vas achivewd with this Qoafigersticn.”
ihis teductive appiies only (v the high~fre-
Quensr puttion of the ahech specttul, shove
150G Wit of so. ALtespts to darive st sndlyi-
icel ptediction setkod (ot (his phamctenns
vete oot wuccossiul, ’

A teclunigua vas developed fot sredicting
the dagtee of prroteihnic ehoch fovletism
schisved cn 8 shoci-atuniod conpunent, o o
function of Ity wounted {teguency sis the
Prput sl k spectiwn., Radwclishs sk grest ar
953 of the lcput specliwn peabh vete sktaimed
duiing test, viing elsetocetic grommet-type
manis .




APPHIDIX A ~ IMPEDANCE CONSIDERATIONMS
References [3] and [4] presest some ans-
lytical devalopments thst are repestad here to
clarify wvhat is mesnt by impedance effects on
shock wave transmission. The symbols used are:
f force magnitude ‘
T period of time
A vavelength
A deflection
A Cross-section ares

E modulus of elasticity

0 . density

§] stress

‘w. particle divplacemant
v, i-«:- particle velocity
< i’% strafn

¢ wave velogity

§ solutlion {unction

i impedarce
Connidne the tenscration of the plase com-
- presnion wave of Fig. A-l. Ik wave 1w tatro-
duced by e applizetion wf a untiore focie, §,
spplivd Inngstudinally to the smd of tiwe bar for

o ahstt pariod of Uiss, T, resolting o @ vave-
Jength, +, st deflectiog tha bar a leagth, .

et |
- -

Fig. A-] daw generation

Il

The aratgy celaticambip is developad o

foilown,
€y
R
tataraal work o £ o h—-

Potantial energy « !2;—

Kinstic energy = % pAiv?

2 2
Ste Ly onn A1)

Notice in the Eq (A~1) for conmservation of
energy that half the energy is kinetic and

half is potentisl. Solving (A-1) for perticle
valoctity ylelds

veto W2y

avor

The somentum change due to the applied
impulse i3

Houentum change = phs (v - Q)
aod the impulse is
Applied lupilse « (T
The fapulsc/momentus relationship {s thea

Aiv » T (&-3)

 Since tha vave {rost preﬁuuo-‘ s disgante, ¢,

during the Zime, T, the wave p:omcuon
voh}cuy [Ty

imuwunu ot (A~ 2) for v in qn:tw (t«i)

'fvn

Pynamic equsntnw i the ditterwntiat
ierrent in ¥ig. A-d vamvite in Che ane-
dinensicisl weve egustion: . .

Kot SR B S
St e

t Raats

itk the diffetontiol elument veptivents -

tonptessive {ctcun, congrteanive sttusens
wiil be considered positive. dowwver, e :
to tid wign conventions ok « sad &, :msm-' o

aive sicsin | ) s negative. Neecd,

- '.i . ] :.:.. AL :-3 u.."-;
N K R
SN, ta, ¥

e
s, 1) =~ m‘
%)

ts %) .t’i'a&l ,‘- .

Fig. a-z Diffwealul e!wt
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When (A-7) and (A-5) sre wbultuid into
{A~6), the vavs squation (A-8) results:

] 2

The form of the soluticn to the wave
equation cat be used o derive s relationship
betvean stress and particle velocity.

Solutrion = u (x,t) » g (x - ct) 7

Hog e (A-9)
i! - - " - - S&. - -
3t g’ ».-se = § v - (A-10)

From (A~4), E = ¢’ and (A-10) bacomes

¢ e ey (A-11)

 Bguation (A-1l) has some impartant physical

significence: comnpressive siresses vesull
{2 - Q) when the particle velocity snd the
wave velocity ave in the same direction

(cv - 0}, and for tenvile strecsen the
particle and vave velocities are in opmxu
 directions.

Usiog the duvalopoenly prsscatwd above,
equillbutiun and compatibility 8¢ the joing
in Fig. A«J zan be vsed to Jesoustreate ro-

“chanical tmpedance affwcts. AU the jelnt
takes placin vaves eiint: 88 ifcident vave,

8 rellested vave aud & Ledmanlited weve. ALl
[ waves dte ssngend to be sonpleiniva, end the
Iongth of the-jolut is so wedkl that lemrtia

of thw oint 1é ¢ higaes ordet ¥fiest sad cao

e n«iu:w. The ewdidavtive egaation be-
T vomas - oo -
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Ve "yt ve (A-Q)
Substitution of (A-2) into (A-13) yields

fl’il. £1

-
MVERER A m
Depoting A Vot as the mechanical impedance Z

and solving Eq (A-12) and (A~14) simultaneously
for the ratios Ii/(x aod ‘1/‘; gives:

(A-18)

. B
;% . {-—;-:- (A~15)
¢ e
?{' T (a-16)

vhere 4 {s the impedance ra°lo

< Aqf B
A —l’;:,é ' (A-123
. Av k

tyguatlons (A-13) through (A-17) iedicate
thet raliections are teniile and transmivsions
ate snall when a plane, longitudinal shocs
vave tFansnits from & #Uiff, detws waterlal of
large etoe (oo ¢ solt, light sateriel vith
srall crosecsesiions) ares.  Fot thle eftuatios

tha tellwntid wave Ju tensile, end ia the imit-
“lag <ane (s + +} Che Lehevior ia uul ef & frve

[T N

C The Beet gt«.x.hd safospave applicativn ol
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Fig. A-4 Plot of transmission equation

ance is probably not as gfeat as that pre-
dicted by Eq (A-18).

Even neglecting re-reflection and con-
structive and destructive combinations ¢
waves, predictions based on Equations (A-15)
through (A-18) are not very ucturate, es-
pecially for mechanically fastened joints.
The primary problem is that mechanical joints
are not perfect. Flgure A-5 illustrates that
one mechanical joint on the micrescopic scale
is really three joints, and the cross-section
areas of sections B and C cannot be deter-
mined analy:tically. These unknown section
arcas preclude a reasonable de:srmination of
u at all three of the joints.

Fig. A-5 One joint, or three? or more?

This appendix has derived some of the equa-
tions governing the motion of plane longitu-
dinal waves and has i.lustrated what {8 meant
by the effect of mechanical impedance al uwtruc-
tural digcontinuities. Furthe.more, two of the

falla“fes in using impedance characteristics
for predictlon purpcses have been nointad our,
Finally, & wave analysis becomes vastly more
complicated when wavas are no longer considered
planar and when shear and flexural waves are
included.
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APPENDIX B — MECHANICAL FILTER

Analysis of the mechanics of structural
wotioa can be schizved by a wave apyprosch,
as in Appendix A, or hy a modal spproach. It
is wore couvenient t¢ purfue a 30dal analysis
when the structure tends te move with omnly
one degres-of-freedom. Hence, th# snalyzis
that follows treats the motion of a shock
mourted conponent as & siagle~degree-oi-
‘reedom system forced by a motion input at
the base.

When the hard-mounted system shown in
Fig. B-1 is forced with the base motion §,
the shock sensitive element iunside the com-
ponent will also be forced with the base mo-.
tion . Generally, in shcck analysis the po-
tentially damaging input to the sensitive ele-
ment ir greatly simplified from 6 to the ghock
response spectrum of 6. For the components
tested during this study, the shock spectrum
at the hase was in the range depicted in Fig.
B-2.

Sensitive
Element

Hard Mount

= p—

Base {

Fig, B-1 Hard mounted component

L

o oy

PO

Fig. B-2 Envelope of component test data

Fuor the shock mounted component operating
in a single degree oi freedom, the jdealized
system plctured in Fig. B-3 results. The
equations of motion for thia two-degree-of-
freedom system are:

HX+C (R-%) +K(K-X) a0
X - X))

My X, ¥ Cp (X - 4) - C (8-1)

+ K (X} =4) ~K X =-X)e0

Wk tita it i - SN TN IERS L

RLASLA]




3
D S
X Xy 4 £ Y12
R
- | and \ (8-5)
k % # ¢ - Ws
m , Xigay < Ae 2VIE
R Assuming % = (.10 for the shock mountad com-
- K, ’ ¢ ponant, the maximum valuc becomes
SRS : g Xi_ . v 0.856A (8-6)
EE: . nax =
LY ) " Since x;;lx ie known from the shock spectrum of
3 3 Bése §, Eq {B=4) becomes ’

Fig 3-3 Shock mouited component L ' - :
X 17 % e TRt Y n s G
If the mass ratio M/M; is so small that nax

the motion of M does not fnfluence the mo-

tion of M;, the equations of motion bacome - The term Y1 - {* does not appear in Eq (B-7)

i_ uncoupled: . as its value ls very nearly 1.0. :
3 v v - % " The shozk spectrum of the expression in
. MX+C (X ~-Xy) +K (X - -0 B-2
§ . ( V ( X ®-2 . Xq (B-7) is plotted in Fig. B-4. This shock
3 M X 4G i -8 +K X = &) = O (B-3 spectrum is the effect of a low-pass machan~ .
3 1L X6 (K- 6 X ._) (8-3) ical filter (the shock mount) on the original 1
. It now becomes a simple matter when & is known, iuput shock spectrum. )
to solve Eq (B-3) for X;, which is base motion
input to the sensitive element M. Hence, the ngkSnctmm
. of ¥

gystem in Fig. B-3 reduces to the system pic-
tured in Fig. B-1 where the motion input is vow
X, instead of 4.

Shock

’ Spectrum
For shock evalyation of the gsoft mount, the or;f

shock spectrum of X 1s the important param-

eter, and not the shock gpectrum of &, -Within
the limitations of some additional assumptions, _dsr / . Q0
the shock spectrem of X; can be estimated i
based on the shock spectrum of 6., It must

first be assumed that & is impulsive in nature S T S

and not 2 sustained transisnt. This means . s —

that the maguitude of the shock spectrum of § Himax ~

at the mounted natural frequency, : ™~ Constant

£ (fx = -i-“- ‘/Kl/m ), is almost independent o.t' : m\:cny

the value of damping assumed in the spsctrum ]

analysis of é. It is also assumed that the 1

response motion of the component is a damped 1

sinusoid of the form f.

- 1 B'-E “Shock spectrum of damped siﬁ]ggid with

A, wAa St in 2 £ \/1 -ct (B-4) Flg 10% damging "

where ¢ 1s the damping ratin. The new spectrum peak oucurs at approxi-
“ mately the natural frequency, f), and the

The maximum value of X, In Eq (B-4) occurs shock level is slightly amplified at all
at approximately frequencies below f;, but reductions occur

at higher frequencies {n the flat region of
the spectrum.

The magnitude at the peak is 1.8 times the
modulus of the damped sinusoid, which s 1.17
times the value of the oviginal specirum at
the frequevcy, f;. This yields a total empli-
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fication factor of 2.1 over the original spec-
trum value at f;.

.In the low frequencies, ths shock spectru=
of X; is asymptotic to a lians of constant
velocity (a slope of 1 on icgacithmic pepaer).
This constant velocity line intovcepts the fre-
quency, £}, at an acceleration level a factor
of 1.17 above the oviginal spactrum.

If the curve in Fig. B~4 really does repre-
sant the shock spectrum of X;, the shock reduc-
tion dus to soft mounting can be predicted as
follovws.

1) Determinm the natural frequency of
the shock mounted component.

2) Read the acce'eration magnitude off
«aa original input shock spactrum
curve at the natural frequency.

3) Multiply this accelerstion value by
2.1 (1.17 x 1.8 for = 0.1).

4) Cslculate the percent of shock reduc-
tion by comparing this value with the
peak of the input spectrum.

Mr. Deitrick (Hughes Aircraft Co,): When
you are using these shock mounts on com-
ponents are you concerned with thermal control ?
Our thermal control pecple do not like isolated
things like this for spacecraft, hence we have
been rather unsuccessful at soft isolation,

Mr. Kacena: We do not like to either unless
there 18 & good reason for it, We have some
relay packnges that might not survive the types
of environment that we have predicted, so we
have soft mounted them and we have looked at
the patential problems, Suppose something fails
the qualification test and we do not have time
to redesign it. We take the component as it is
to find out what it is good for by qualifying a
couple of other units, and if we find one that is
reasonable and it finally passes, then we will
try to shock mount it, But if there are thermal
problems, such as a transmitter that radiates
a lot of heat, then there is not much that can be
done except to put it as far away from every-
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DISCUSSION

thing as possible. We are aware of this problem
but we hope our transmitters do not fail,

Mr, Thomas (Honeywell Incorporated): What
type of components are sensitive to this type of
shock?

Mr. Kacena: Relays are notoriously sensi-
tive to pyrotechnic shock. Other components
have to be looked at subjectively. For example
if you have an oscillator that has a fine tuning
screw and if that tuning screw does not have a
positive lock of some kind it may turn. That is
not a catastrophic failure such as when structure
goes flying all over the place, However you may
get some pretty garbled data back, and generally
pyrotechnic shock failures are of this nature.
Our reliabllity people have found that the mosti
significant structural failures from pyrotechnic
shock, are in the realm of shocking something
to its qualification level eighieen times. Eighteen
is the magic number and things start to fall, al-
though that may be a bit unrealistic.
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ENERGY ABSORPTION CAPACITY OF A SANDWICH PLATE

WITH CRUSHABLE CORE

D. Krajcinovic
Argonne National Laboratory
Argonne, Illinois

potential,

Presented is a simple, approximite dynamic analysis of a sandwich type
pressure vessel head plate-with a significant energy absorbing

The analysis is based on the propagatfon of a compression
(shock) front through the core made of crushable material.

1. INTRODUCTION, BACKGROUND AND OBJECTIVE

Basic structurgzl requirement of a nuclear
reactor pressure vessel design is the absorpe
tion of the energy associated with a hypo~
thetical (design basis) accident. Since the
vesgel itself is located in a cavity, the
collapse of the cylindrical part is not consid-
ered nearly as serious as the rupture of the
head cover plate, The reason is obviously that
the rupture of the head plate is followed by a
substantial leakage of irradiated substances
(such as plutoniun aerosol and liquid sodium in
case of a Fast Breeder Reactor) from the vessel
into the area in which people work. It is,
therefore, considered imperative to design out
the possibility of a head plate failure by
providing for the absorption of the energy
directed upwards,.

To this end two alternatives were consid-
ered during the recent design of the FFTF (Fast
Flux Test Facility) pressure vessel. According
to the first alternative, in addition to the
strain energy dissipated in the plastic defor-
mation of the head plate itself, the main part
of the energy is entrusted to an externa)l
energy absorbing mechanism such as a system of
stretch bolts and/or dashpots, Obviously, a
substantial motion of the hiad plate is neces~-
asary to trigger this externil energy absorhing
syatem, This, however results in loas of
plate-vessel integrity and opening of subatan~
tial potential leakage paths,

According to the alternate idea, the ener-
gy absorber is located within the vessel as an
integral part of the head plate. This design
consists of an upper head plate, providing the
 bending stiffness, rigidly attached to supports
and the cylindrical part of the vessel, a layer
of crushable material having high energy

*WOrk done under the auspices of the U.S.
Atomic Energy Commisaion,
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abasnorbing potential, and a driver plate not
attached to the plate with main purpose to
distribute the load across the cross section
and to spread it over a longer time period.

Two major benefits of the latter design are the
fact that the upper plate i{s fixed, enabling
better sealing during and after the accident,
and (as 1t will be seen later) the possibility
of the choice of the maximum pressure intensity
to be transmitted to the upper plate. A
negative feature is increase in vessel length
by choosing a layer of honeycomb of excesaive
thickness, In order to avoid this problem it
is possible to couple two designs and choose
the upper limit of the pressure over which the
head plate will leave supports and activate the
external energy absorbers, In this case only
for most severe, low probability accidents one
will be faced with the leakage problem,

From the computational point of view, the
second sandwich type alternative is a more
complicated one, It is our objective to formu-
late a simple dynamic model which will, in
early stages of the design, provide information
leading to the choice of optimal geometrical
and material parameters of the entire three
layer model. To this end, a series of assump-
tions and simplifications will be introduced in
full awareness of a need of eventual develop-
ment of a more complete computationail model.
The purpose of the presented computation {s to
provide some information on the intensity and
the pressure time history for the upper plate
and on the energy absorbed in the process of
crushing, In addition to rhis, the model
should provide for a first eastimate of the
influence of various design parameters on the
absorbency and finally survivability of the
entire structure for a given accident,

2, COMPUTATIONAL MODEL

An "exact" analytical description of the
model, even for the axisymmetrical case, would
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involve a set of nonlinear (both physically and
geometrically) partial differential equations
(a mixed ronlinear initial value and boundary
value problem), Corresponding solution is
apparently attainable, if at all, only through
application of large computer codea being
utterly inefficient in early design stages. As
it 18 usually done in structural problems in
order to simplify the analysis, we will approx-
imate the real structure with a one-dimensional
model. As far as the upper plate (bent by the
pressure) 1s concerned, no special problem is
anticipated. The approximation of dynamically
loaded circular plates (deformed elastically in
its first or fundamental mode) by a one~dimen-
sional mass~spring oscillator is a routine
e¢ngineering approach, In the case of plastic
deformation, the procedure is not any more
straightforward, but a method presented in [1]
or [2] may possibly be extended to cover the
case when the load (and not only ideal impulse)
i3 acting upon the plate.

The crushable layer is approximated by a
rigid-perfectly plastic-rigidly locking model

(Fig. 1). In this way we neglect elastic
o
% 1
|
f
I
!
|
J
—
€
[
Fig. 1. Stress-strain law for the

crushable material

deformation and consider material as being
perfectly rigid up to some crushing pressure p,
at which the skeleton collapses and without
further load increment compresses to a certain
density p, (defining also some ultimate strain
t.)s Once crushed (compressed to p.) the
material acts as incompressible. Although
extremely simple, this type of behavior is in a
very good accord with the experimental data
reportad in the literature (see for example
Refs, 3~5). We should probably mention that
for high crushing velacities (higher than what
{s expected in the case conaidered) some rather
high peaks may take place in v-c diagram {3,5].
Thia problem may be aileviatod by dimpling the
layer on both surfacea, The main source of
uncertainty {s the definition of the effective
crushable areaa {n the transition to a one~
dimensfonal model, This depends not only on
the bending of both plates, but also on the
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slug radius and finally on the designed distri-
bution of the crushable layer across the plate
(penetrated by all types of openings).

As a result of our choice of the material
model for the crushable layer, the propagation
of elastic stresses is instantaneous throughout
the model, Changes in relative positions of
various points (strains) will commence only
after the applied pressurc p(t) 2 P, exceeds or
equals the crush strength of the material. Due
to the fact that the part of the stress-strain
curve 0 ¢ € £ ¢, 1s horizontal, no plastic
waves will propagate either, However, as a
result of strong concavity of the stress~-strain
curve in the vicinity of ¢ = ¢, a sharp com-
paction (shock) front will be generated. This
type of behavior probably deems some explanation.

We recognize the fact that the behavior of
a reprasentative crushabl : material such as,
for instance, honeycomb is dictated primarily
by its geometrical configuration (and much
less by actual characteristics of the material
itself)., This explains the fact that both
steel (i.e., ductile) and phenolic-glass (i.e.,
brittle) honeycombs perform much in the same
way, although the process on the local level is
completely different (buckling vs. actual
crushing). Gross behavior exhibits significant
plasticity (functional in nature) although as a
result of the absence of strain hardening no
plastic waves will propagate, The predominant
process 1s obviously that of compaction, {.e.,
propagation of a compaction (shock) front
through the crushable layer,

Since the entire process is dictated by
the geometry and not material characteristics
of constituent materisls, no significant
unloading waves will propagate and the entire
process is strongly irreversible, In ather
words, once crushed and compacted to the den-
sity p, (corresponding to the locking strain
£.), the honeycomb will be assumed to behave as
a rigid material,

The lower, driver plate is assimed to be
rigid and no credit is given to its energy
absorption (atrain energy, etc.), The plate is
modeled hy a concentrated mass m) and is
assumed to provide only for a more uniform
distribution of crushing,

The analytical model doacribed above is
presented {n Fig. 2. We note that the model
accounts only for mechanical means (strain
ensrgy and crushing) of energy abmorption. At
this stage the energy dissipation mechanisme
such as pnewmatic [6) and thermal (7] dasping,
having to do with mass and heat transport
within gas filled poroua materials, are not
considered. A potontially significant subject
directly related to the energy degradation ia
also the dissipation mechanism reaulting from
viscous effects {n two phase (say liquid sodium
wixed with gan) fluids. This effect is not
considered to be within the scope of this
paper. All of those neglected effecta, being
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Fig., 2. Adopted computational model: a) ini-
tial state, b) one front propagating
from the loaded side, c¢) two fronts
propagating, d) one front propagating
from the spring side

digsipative mechanisms, are expected to
diminish the pressures we are calculating with
herein. In that respect results to be pre-
sented are on the conservative side.

3. GOVERNING EQUATIONS

We consider the mechanism presented in
Fig. 2a, subjected to a pressure p(t) with a
known load=time history, The prassures less
than p, will instantanecusly propagate through
the sandwich foliowed by the ensuing deforma-
tion of the elastic spring. Increase of
pressure in exceas of p. will generate a dis-
continuity (compaction, shock) front which will
start propagsting through the crushable layer.
We notice that the gensration of the front is
not the function of the suddenness of the
impact but the direct result of the adopted
stress-strain law, The front itself is a

traveling discontinuity surface for the stress,

strain, and density, As such it may be con-
sidered as a strong discontinuity wave or
simply & shock wave (see for instance (8]). We
vill employ the so-called slementary theory of
shock waves (see for instance Refs. 8, 9)
considering the process to be adiabatic and
disregarding the variation of the internal
anergy as a result of the impact (so-called,
weak shock waves). This simplified theory is
to a certain degree justified by rather smaill
impact speeds of the coolant alug, although the
jump in pressure intennity may cause variations
in {nternal energy and temperature worth
considering at some later stage.

8

The following notation is used. Densities
(initial and terminal) are denoted by oo &nd
Per €o = 0 and ¢ are corresponding strains in
virgin and compacted zone, Pressures behind
and in front of the compaction front are
denoted by p. and p,. Masses (lumped) of the
lower (driver) and upper (head) plate are
denoted by my and mp, mass of the crushable
layer (per unit of length) is m. Thickness of
the crushable layer is L, while k is the spring
constant of the head plate computed either from
the static deflection for unit load or from the
first natural frequency.

a) One Compaction Front

We introduce an Eulerian coordinste system
and denote by ul(t) the displacement of the
lumped mass m; (driver plate) and by uz(t) the
displacement of the mass my (upper plate) and
consequently spring as well., Two corresponding
velocities are denoted by uj(t) and dp(t).
Consider first the case of one compaction front
(Fig. 2b), generated at the unloaded end (on
the interface with the driver plate), propaga-
ting through the crushable layer towards the
spring (upper plate), Denote the velocity of
the compaction front by z(t). As a result of
our choice of the stress-strain law both
uncompacted and compacted zones move as rigid
bodies with velocities 45 and O;. In order for
the front to propagate, the foliowing
inequality has to be satisfied

z > 4 >y, (1)

The violation of the first inequality stops the
front propagation, while the.second inequality
prevents the generation of the unloading
(tensile rarefaction) wave which {s ruled out

a priori,

From the conservation of mass

RICERN (2
and conservation of momentum

p_+tmu_-= P, + nﬁ+ )

squations, we write two Hugoniot equations
relating discontinuities in pressure p, density
¢ and velocity U, shead (sign "+') and bahind
(sign "=") the compactfon front,

-1 eo )
(outd - ) +p)* = 0 )]

Purther detuils are available in Refs. 8 and 9
(the case cousidered herein ts, to repest,
adisbatic and with constant internal energy).
After simple algebraic manfpulations, ve
revrite (4) and (5) in a slightly different vay

Dol = Dy = 0) < p_+p, =0  (6)

#




and
<)
. . [~ . ]
z - U, s —=—— (U, = Uu,)
2 p,=py 1 2

Since the motion starts from rest (i.e.,

tIuyZuyyilacte= 0) integration of (7)
leads to
Dc (
zZ -~ U, ™ = u-u) (8)
2 Dc Do 1 2

It is interesting to note that in (10],
where a similar, although less general, problem
is solved (with a single front and without the
spring, i.e., with forces known at both ends),
equation (8) is derived as some kind of a
constitutive equation establishing the relation
for the compacted strain in terms of two
densities,

Finally we write two dynamic (equilibrium,
equations. For the already compacted zone
(behind the compaction front) from the free-
body diagram it follows

[nl + oc(z - )l - p(t) = p_ (9)

where the second term in brackets is the. mass
of the already compacted zone. For the uncom-
pacted front in the same way it followy

oO(L -z + uz)u2 *p, -9 (10)

where q is the reaction frow the apcing,

Finally, ve write the equation of the
motion for tha spring

myl, + kuy * 4 (11)

Altogether we have five {.dependent '
equations (6,8,9,10,11) in £iv- unknowns, U
uz, %, p, and q. Note that py - pes f.04,y
the pressure just (n fron¢ ol the compaction
front i{s the kncwvn crush. presenra being the
property of the -iateria: used. Eliminating s,
p. and y it follows" ' '

lnl + o.(ul- u?)wx

ple) - p, - o'(62~ 6‘)}
(fp ta - u.(ulJV&Z)]UZ +kuy " p, (13)
where 4. ® pul is the =ase ;t the crushable
laysr and o = 0o /(o = 0p)s

if the structuie was {ritially ut rest the
asrociated fnitisl conditions are

4, (0) = U, (0] « 3, (0) = uy(0) = 0

n-

(12)

e
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b} Two Compaction Fronts

At some point of the previous phase, the

" pressure on the interface betwean the head

plate and the crushable layer may exceed the
crish strength pe of the crushable layer. At
tiit instant a new compaction front will be
ganerated snd will start propagating in the
cirection of the lower (driver) plats. As in
Fig. 2c, we denote the velocities of three
zones by ﬁl (compacted zone on the load gide).
‘i3 (uncompacted zone in the middle) and u
(compacted zone on the spring side). Corres-
ponding displacements are uj, uj and uz.

* Veloci ies of two compaction fronts are il

(generaced from the load side) and z; (gener-
ated irom the spring side).

.As for the previous case ve vrite equs-
tions of the mass and momentum conservation
(4.5) across both discontinuity fronts. After
some algebraic manipulations, for the first
compacticn front they read

boliy = 2 (03 = 8) = p_+p =0 (19
2y = Uy =S (g = ) (16)
1 3 Pe = P 1 3
Across the second compaction front, one has
0lly = B8, =6y = p +F =0 QN
Uy = 2, " -2§-- (uy = uy) 18
c o

In addition, we write three dynmic
(equilibrium) equations, For the compacted
gtone on the load side

('1 +toll, + pc(‘l' 9l)lul = p(t)-p_ (19

For the uncompacted zone in the middle

pollyy = 2y + 308y * B, - ¥, (20)
and finslly for the compacted zone on the
spring side :

Pty = u)iy * B_ - q @n

The last equation of motion is written for the
mans-spring system

.,u, + kuz - g (22)
The lsngth L) is the length of the uricompacted - .
material at the (nitiation of thia phase (or
terninstion of the previous phase), while L,
is the length already compacted during the
previous phase. :

Pinally, we hcve & system of eight inde~
pendent squations {135-22) ln eight uskaowns,
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Ul Uy, Uy, Zgy Z3s Pey P. and q. We again
eliminate all of the unknowns except the first
three, such that

(m, +0.L) +p,(uy= uglyy

.

= B(t) = B =0 (G- p” @3

[12 + pe(ua- uz)]u2 + kuz

2

=P, + Dc(u3 - u2) (24)

63 =0 (25)

Associated initial values are determined
from terminal values of the preceding phase

. * ok ] ]
ul(z ) = v, ul(t Y- vy
ok
Y2

5, (" = u, (£ = uy (26)

. » ok w w

ua(t ) =, 03(t )=y,

(with asterisk denoting terminal value of the
preceding phase). From (25) and (26) it
follows that

* (3 ]
uy U, + U, (27)

where 1 @ t ~ t. is measured from the beginning
of the two fronts phase, Hence, one finally
has from (23,24) and (27) tvo equations
governing the motion in this phase

, -
L] - e
(w ¢ °a(“1 uzv)]u1

* ple) = p =0, (0~ ip? 8
j-i;+ “a(G;' 4,02)152_4 kuy
*p, * o‘(a; - 52)’ {29)

vhere
slen ¢0l, ~¢ u‘
1} 1 ¢l e 2

- «
.2 - .2 + ’0“2

The requivrement for the propigat!cn df the
front generated on the load side {a .

3 *

1 Yy
For the spring side froat the ptoﬁnucm
requiresent is : -

Uy tuy 1¢1}]

o0

b1

If one of the inequalities i{s violated, the
corresponding front stops propagating. It is
also possible for two fronts to collide in
which case the entire layer is crushed and the
subsequent motion is that of a lumped mass
attached to a spring.

c) Single Front from the Spring Side

Finally we axamine the remaining case
vhen the front from the load side stops propa-
gating (inequality (30) violated) while the
front from the spring side still keeps prog-
ressing, Without further elaboration we just
write down the final equations of motion

(a] = 0 (u;= u,)]t, = p(t) - p, (32)
[Iz + o‘(u1~ uz)]ﬁz + kuz
= b, + 5y lly- 0, 33

where masses -f and m" include wasses of
already compacted zou%o adjacent to lower and
upper plate, respactively.

The requirement for the front propagation
is

4, SOLUTION OF GOVERNING EQUATIONS

In each of three casnes analyzed in the
preceding section, the sotion of the system fa
governed by two coupled nonlinear different{al
equations of second order with given initial
values, .In nuclear reactor applicatinng the
nonlinaar terms turn out to be umall compared
with otheras, This (s especially true for the
nonlinear term on the left<hand side being the
ases of the compacted crushable layer which ia
in most cases negligible vhen compared with the
wass of two plates, This, of course, seans
that equations way be coavcnton{ly solved using
the perturbation sethod [11,12]". 1n linear
approximation for the first phase tonsidercd it
follove ftom Eqe, 12 and 1) that ’

- oplxy ~p :
G s (%)
" F , o
uz *w 02 Py .-2 (35)

vhere = k/mz. The solution of the first
equatton obs fously deperdds on the load-time
history, while {n firat approximation uy(t) te
given by

'He note that the design with a very thin
driver plate mp + 0 leads to a singular probe
len warranting the use of sv-called singular
perturtation sethoda (see for example faf, 13).
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A Pe
u, it t (1 - cos wt) _ (36)
From where the pressure on the upper plate is
finally computed to be

Uoax ™ Kogy % 2p, 37N

In other words the maximum pressurs on the head
plate depends mainly on the crush pressure p.
of the crushable materisl, Moreover, having an
approximate analytic expression for the
pressure-tinme history for the upper plate it
becomes much eagier to incorporate its dynamic
plastic hebavior (instead of purely elastic as
considered herein).

Apart from first approximations listed
above it becomes qusstionable whether one
should continue with s perturbation technique
in quest of a more accurate analytical solution
or simply resort to numerical integration using
standard computer voutines, Siwce the sub-
routines for the solution of a set of nonlinear
differential equations {init{ial value problem)
sre todey in ample supply, the only prograsming
ons has to do. is to write a simple driver
rvoutine enabling transitions between various
phases of crushing, It i{s appareat that in
this case the nonlinear terms need not be small
when compared with linear. It is also well
kaown that the initial value prodlems are
especially suitable for computer applications.
The computing time in wost cases totals a fev
ucoudo.

S. NUMERICAL EXAMPLES

" As a numerical example we unzlyze & few
diffarent desfpgna of 8 sandvich head plate
subjected te tvo different losdings (corve-
spondling
tions ludtng to tha determinstion of the
pressure-time history vere of the atmple
“sodium" hammer type, but vere later verified
by results obtained through application of a
big finite-difference computer code (REXCO).
The two londing cases, one conststing of only
one and another of two shocke, sre diagrammed -
tn PMg. 3,

‘The total weight of the sandwich nlate

- {and nuclm! accensories) {+ entimated at
0.9 x 10% 1ha, 1In order to estimate the

tnfluence of the sans distribution, tun designs
ave consideted: for the firat, the mass of
che head plate van twice as hig as that of the
drivar plate wy 4 2m;, vhile for the second,
tvo nasses were teken 4s equal my * ®y.  Also,
two diffecent 17-7 PR stainless steel honey-
combs are conuidered for the trushable layer,
Yor t’n firat one o, » 300 pel and ¢, = 2.8%
/el lor the seennd o, % 1130 pai wnd ¢, =
7.7 lbl(t + The layer vu assumed to be
L * 18,5 foches thick with an effective crovs-
sectional sres of 200 ft?, In both cases, the
compacted denstity o, * ) 1) o,

to tvo coolant levels). The calcula- -

LOAD CaseS plt)

pai
7800 ONE SHOCK
14 msec
pi
11900 TWO SMOCKS
( > ‘5 )IIOOO[\
24 mc

. ll;. 3. Tvo cases of loading consideves

The reaults of canpuuuouu are presented
in Figs. 4, 5 and 6%, The displacement of tho
lover (dr(va) plate uy(t) (s showm in Fig, 4.
Tor load coasisting cf only one pules (and

~ Im3), the entire layer does not crush,
ugich weans that {ts ahseorbing capacity is net
fully utilized. For the case of two loade, one
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Fig. 4. Displacement of the lower (driver)

- plate va, tise

'n Is notevorthy thst the results computed
Srom the Ciest approximation formuias (36,37)
vere not sore than a fev percent off, This {s
quite viaible from Jlagtams (n Figa. 4, S, 6,
{.0,, vi{t) 18 almoat linesr and q(t) alsest
sinuscidal.
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notices the kink in u(t) associated vith the
second pulse, It is important to tote that the
increase of tne mass m) (driver plate) in-
creasss the duration of the crushing process
vhich may be of vital sigrificance in case of
multiple shocks,

Pressure on the heed plate (i.e,, dis-
placement ujz) is plotted vs. time in Figs, 5
and 6, As Fig. 6 shows, the distribution of
nasses affects only the period of the pressure
pulse but not the maximum intensity (as pre-

dicted by epproximate formulas from the
l1inearized analysis). Moreover, the intensity
of the slug pressure p(t) has also almost no
effect on the pressure of the head (upper)
plate. In Fig., 6 open 2ircles denote transi-
tions from one phase to another while crossed
solid dots denote the instant at which the
entire layer is crushed.

The effect of the choice of p. (or 9.) on
the pressurs of the upper (head) plate is
demonstrated by Fig, 5. Moreover, in the case
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of the high strength honeycomb only & few
inches vers crushed so that the othervisa
significant energy absorption potential was
not utilized in the best way.

6., SUMMARY AND CONCLUSYONS

Presented is an approximate, one-dimen-
sional model for the dynamic analysis of s
sandwich head plate of a oressure vessel. The
equations of motion, de:rived for the model,
lend themselives well to computation and a
series of interesting conclusfons are srrived
at,

+ The pressure on the load-bearing upper

hoad plate depends primarily on the
crush streagth of the crushable laver.

The diatributfon of mass between lover
and upper plate affects only the
crushing period. Iacrease {n mass of
the lowet (driver) plate, longthens the
crushing period vhich may be important
tf repeatrd pressure pulses are
expected,

s Although the high streagth crushable
material pousesses high specific eneTRY
abyorption capabiiivy, 't saay he
utilized cnly pactially, alnce ty wiil
tranmmit loads of high totensity 1o the
upper (head) phta vi hout u:nukam
crushing.

in conclugion, the presented analvais
appears to be simple chough 1o caadle some kind
“of 4n optisal deeign fa the early stagve of
analysin, “The subsequent reilaaont of the
canalvais will undoubtedly introeduy computa-
tional difficultion proventing randow sesrch st
a were sophisticated level. fovever, wuch a
refined wdel appears to be eecousary to .ot
fivm and support results cvbtataed’ !m- the
pnmted soded,
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Mr, Witt (Bell Telephone Laborstories):
Hwﬁ,mduemhommcwrm
in your crushable material formed?

Mr, Krijcinovie: A pressuie wave (sodium

the ensrgy is dissipated cadially 0 that every
pulse grows webker. The analysis .

_subsequant
petformed was of a simple sodium- mcmn
which was later on (0 2 certain axtent confirmed

by a more saphisticated amalysis (REXCO com-

‘peier code). Howsver, we are not sure whether
the load is really well represested by either one
of the two losds consldered, due to circwustances

beyond our control. Luckdly, (he determination
of the load iteelf is not central to the Analysis
presented.

8 hypothetical excursion propa-
“gates wpward, hits our sandwich plate (tirst pulse),
rellects downward, hils the bottom of the veeeel,
- rellects upwards and hits again the sandwich plate
{second pulse). Throughoul the process some of
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ON TUIE DAMPING NF TRANSVERSE MOTTON OF

FREE~-FREE BEAMS IN DENSE, STAGNANT FLUIDS

William K. Blake
Naval Ship Research and Deve lopment Center

Bethesda, Maryland

The damping of free~free beams vibrating in dense, still fluids has been
studied experimentally. The decay of transverse vibration following an {mpulsive
load on the beams was dominated by viscous damping at low frequencies and by
radiation damping at high frequencies.

Viscous dissipation was exanined in mixtures of glycerine and water using
a series of beams with different geometries , thus the independent effects of
varying fluid viscosity, v, beam thickness, h, and frequency of vibration, w,
were established. Damping was determined by measuring 60 dB decay times at
resonant frequencies following an {mpact. Loas factors, 7, based on the dry
beam mass were found to depend as T = a.a%lglp h at low frequencies; p, and °p
are the densities of the fluid and beam reaprutfvely. The loss factors are

beam edges.

in a water-filled reverberant chamber.

near the tips.

independent of the length and width of the beams and of the sharpness of the

In a parallel series of experiments, acoustic radiated power was measured
Both the densities and the geometries

of the beams were varfed in order to establish the effects of dense fluid loading.
Results are reported as ratios of radiated power to mean-square beam velocity

and these ratios are compared with theoretical estimates. The radiation, modeled
as a finite line of dipoles, is seen to be determined by the motion of the beam

The results raise considerable question concerning the validity of measuring
the damping characteristics of material aamples in water. It appears that the
shapes of material samples on which damping measurements are to be made must be
designed to minimize spurfous fluid-damping effects, otherwise the results may
be more particular to the experiment configuration than to the material {tself,

INTRODUCT ION

Dissipative losszes in vibrating structures
{mmersed in a stagnant fluid can be internal,
occurring in the materfal fibers and joints of
the structure; viscous, caused by dissipation in
the flow of surrounding fluid around the
structure; and acoustic, caused by sound radi-
ation away from the structure, 1In afr-borne
stzuctures damping is often dominated by
frictional losses at joints and supports.
Coulomb und viscous friction at built-in
supports can depend on the structure vibration
mode and on the support geometry, Internal
dissipation within the structurc material can
provide the second most {mportant source of
damping in air-borne structures, This type of
damping, which has been given considerable
empirical fnvestigation (see e.g., larzen (1],
can depend on the streas levely within the
atructure., lazan has empirically related the

‘References are on page 15,
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low frequency specific damping energy of
materials to local applied stress level,
Acoustic radiastion is the third major energy-
loss mechanism for alr-borne structures; it is
most important at high frequencies whewn the
acoustic wavelength becomes lesp than or equal
to a structural wavelength, A fairly extensive
investigation of the damping of supported beans
in different gases has been done by Kneser [2].
His {nvestigation determined the relative
{mportances of support, material, viscous, and
radistion domping. Lyon and Maidantk [3], hoth
analyeically and experimentally, determined the
air~borne acoustic radiation from a beam set in
a rigid baffle,

In the cane of water=borne structures,
damping {s caused by all of the losses discussed
above, but the relative magnitudes of the
constituent dissipations asre, perhapa, somevhaet
altered, Viscous disaipation i{n the surrounding



flutd, which {e apparently unimportant in air,
could be an important damper in water,
Internal mechanical dissipacion {a probably
only slightly affected, but acoustic radiation
could be increased by ordera of magnitude when
a vibrating structure is immersed {n water,

In this paper the energy balance of a
vibrating beam i{mmersed within a heavy fluid
will first be examined. Although there {is
certainly nothing new in this energy balarce
presentation, it does serve as & useful review
of suue interesting fundamentals and it enables
us to view the current experimental resultes
in their proper perspectives., The results of
an experimental examination of the vibration
of unbaffled free~free beams in different fluids
are then discussed to define the dominant paths
of dissipation of vibration energy. Measured
total loss factors are compared to radiation
loss factors measured recently and reported
elsewhere [4]. The beam, fluid, and fluid
basin are considered as a single system and the
decay of the vibration level of an impulsively
loaded beam 1s discussed as a measure of the
energy dissipation in that system. The
investigation {s similar in extent to that of
Kneser fz] which was done in different gases.

ENERGY BAIANCE FOR AN ENCLOSED FLUID -
BEAM SYSTEM

We considev the fluid-beam system
constrained by an enclosure of arbitrary
geometry and construction. If the immersing
fluid is unbounded, the only fluid energy
carried away from the immediate vicinity of
the beam by a non-dissipative procesas, is
acoustic, If the fluid is bounded by a
containing structure, as it i{s in some of the "

* experiments described {n the following sections,

some iluid energy is lost through tank walls.
Figure 1 is a simplified power-flow diagram of
the fluid-beam-tank system driven by an outside
power source, (The structure has been special-
fzed, but our arguments can apply to any
fmmersed structure). 1In a typlcal experiment
the applied force and resultant acceleration

(magnitudes and phases) measured somewherc on the

beam (frequently both at the drive-point) are
the only rate variables measured for the entire
system,
rate variable can be used to describe the
instantaneous cnergy content within the total
system will he shown,

Steady~state power balances are written
below for the beam and for the fluid in terms

The extent to which a single sub-system

of the rate variables that are shown in Figure 1,

«

The instantaneous power into the beam (s

@in = Fovo*, where F, is the input force and v,
is the velocity of tgo beam at the drive jpoint.
The asterisk denotes complex conjugate. The
kinetic energy for a beam in transverse vib-
ration, neglecting rotatory inertia, i»
(Raylefgh [5])

1)

T z j:A G’t").c/x.

where i{s the volume density of the bean
material, A is the local cross-section area of
the beam, £ is the transverse beam displacement,
and x is the coordinate measured along the beam
axis. The bending potential energy of the beam

is

(2)

5 [xea (BE) o

where n {s the radius of gyration of the beam
section and E is Young's modulus for the beam
material.

The mechanical dissipation in the beam is,
for low stress levels and for our purposes,
conveniently represented ac

3

which neglects the shear strain contribution to
dissipation. The dynamic modulus, which in
general {s complex, can be determined from the
cyclic extensional deformation of material
samples, Our discussions are primarily
concerned with fluid damping mechanisms so it
will suffice to make the fairly common
assumption that Fg = Ty E where E is Young's
modulus and T, is the (so~called) mechanical
loss factor.

The power into the supports carries energy
away from the beam and {s thus considered

ENERGY BATANCE FOR THE BEAM dissipative, It can be written
Rate of Increase of Internsl
:::;r into | Kinetic Energy and + |Dissination) + ;ouer :o + :7":: to
Potentlal Energy to Heat upporte il
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e

where vg la the velocity of the beam at the
support and Fg 1s the force exerted by the
beam on the support,

DInECY LOSS
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‘Figuve I  Power Fléw Diagram for a Structure in a Dense, Viscous Fluid

ENERGY BAIANCE FOR THE FLUID

vhere o, {8 the fluid density and ¢ (s the local
fluid velocity; integration is over the whole
fluid volume. The viscous dissipation rvate iz

6.3;. for example, Bird, Stewart, snd Light foot
6

B - jj ’?' %

vhere summation over both indices 1,) {s under-
stood. The local viscous shear strees i{n the
fluid {s proportional to viscosity; it is

' Uy  U;
Tij")“[ﬁ}' ’ ‘5;:]
"4?)“‘7““ J;i

Power transferred to tunk valls gives &
dissipstion rate

d’.j ‘u.‘ ds | (8)

Rate of Increase
= lof Fluid Kinetic
Energy

Power Trans-
ferred to Fluids

Rate of Viscous
Dissipation

Power Trans~
+ | ferred to +
Tank Walle

Rete of Increase
of Internal Energy

The power transferral into the fluid, "F' is
accomplished by the fluid stresses, T¢y, on the
surface of the beam which are out of phase with
the beam surface velocity, vy Thus we have

Woe Reffmpyndsp

where 5 Is the surface area of the beam and 7
inc ludes both viscous, 7T 1y and normal, p,
atresses, {.e,,

T;J' ' x;"'fs-'ji

The kinetic energy of the fluid (s

-£ffet
)
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where p, and U, are the pressure and normal
velocity of the fluld at the walls; integration
{s over the entire surface sres of the tank,

In a free-field experiment, one in which the
fluid s virtuslly unbounded, Equation (8)
representa the pover transferred through a
closed control volume of surface L. The rate
of change of flutd {nternal energy is

£ = ﬂ]fw: v

which {8 the reversible cnergy stored -{n
dflatational waves aseocfsted with the acoustic
fleld generatfon within compressible fluids.
Now, the condensation, s, {s defined by )

6 * pg(1 + a) vhere p 1ia the fluctusting fluid
denalty snd p, is the mean, undisturbed fluid
denaity, The contlnulty equatfon for the

fluid s

3)’ 2 =V (pU)

.



which, using. the definition of condensation,

and neglecting the fluid convection, v :Tp,

gives # = V.u. BEmploying the acoustic approxi-
mation for adiabatic scoustic waves [ 3], v~ have

)L pse

where the derivative is taken ac;constant entropy.
We obtaiu the internal energy in terms of s

%)

ENERGY BALANCE FOR THE COMBINED FLUID ~
BEAM SYSTEM

Combination of Equations (1) through (9)
gives

b G+

*rlen )&YEA )d;waﬁgrutjv,..

{10)

e V] (e

ad .,
' gt% v,

which {s the complete energy balance for the
beam=-t luid system. We have re-expressed
Equation (7) in terms of the fluid dissipation
function 8, where & {a [5)

255 (v é.}

K}

.

)

#irz|x

The kinetic and potential energy terms in
Bquation (19) {n general display apparent
quadratic deperdence on velocity or amplitude, vo.
The total kinetic and potential energles in the
beam aye thus proportional to v} the matertal
dissfpation in the beam {8 also proportional to
v} to the extent that TwE 18 independent of
strain, If fluid gradients are-lineavly
dependent on v, we can expect the fluid velocity
u; to be aimilarly dependent., When this con-
dition is fulfilled fluid kinetic energy is
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proportionsl to vA. The cases of fluid dissi-
paticn and acoustic radiation will be considered
separately, Losses to the supports and to the
contsiner walle can be legitimately argued as
depanding juadraticaliy on beam velocity. Thus
within the limitaticns of the assumptions
described in the preceding sections we see that
vy can be uged as a descriptor of the total
energy state of the beau-fluid system. We note
that {f temporal behavior of the Jecay of v:
following an impact is not perfectly exponential,
one or more of the dissipastion rates described
abcve must be somehow dependent on the irans-
verse beam velocity and the relative magn{tudes
of the terms (n the energy halance, as we have
outliined them, cannot be preserved during vib-
ration decay.

The total loss factor, Ty is defined
(Crandall [8]) as the ratio of the energy lost
per radian to the peak potential energy stored
in the cycle, U’, 1,e, at constant frequency @

5 /o
U

'Z:

where is the totsl dissipation rate for the
beam. Us!ng the energy balance, Equation (10,
anticipating that T << 1, and using the fact
that at resonance the pealk kinetic and potential
energies that occur In a cycle are equal we

can write

&= P
(%4 /45e) + (B/ie) + (87 4)

e (My+ m,)

(1)

where m, and Mg are the entrained fluid mass and
beam mass per unit length respectively, This
we can write as :

12)

Ve Tl 2007,

using separate terms for the mechanical (m),
aupport (8), viscous (v), and radiation (r) loss
tactors respectively, Noce also that we have
used D = NaUp from Equation (3).

Crandall [8) has discussed the limitations
of a mathematical model of damping which charac~
terizes the disaipation as due to the action of
a linear dashpot which produces a force in
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i opposition to the local beam velocity so the

disaipation rate occurring in the dashpot ia
quadratically depandent on velocity. This
requires the dissipaticn to occur principally
as we have already idealized {t, and further-
'3 more it gives rise to a friction force vwhich is
directly proportional to snd in opposite phase
vith the beam velocity. Thus ve write

: O REE" o

T wheve RT = nrﬁGno + My) is a frequency-dependent

and velocity-independent, resistance to motion.
Thus {f we assume cyclic motion of the beam,
integrate by parts, and use the free-free
boundary condition on the beam, we obtain from
.3 Equation (10)

3 2 )"’. *
3 REA [ACE =

(14)
“m, M E - iw g e R §xex)

E ) which 18 the equation of motion for the point-
3 driven beam. Here, the linear dashpot model
has been used to apply a distributed dissi-
pating force per unit length idezlized as
ref along the beam.

In the case of negligible Jissipation
relative to the peak beam potential energy in
-a cycle of beam vibration, the natural fre-
quencies of tle fluid-beam system are given
from Equation (10) by

-
-

5&1:‘@{%)21 Hleci o sg)dv
1
Joa e [ (T4

%

(15)

where £ and 5 are the instantaneous beam and
local fluid displacements and %, is the beam
displacement amplitude., There are as many
natural frequencies as there are characteristic
modes of vibration, (£/€,)m. ™he denominator of
Equation (1%) is the sum of the heam mass (for

Y A

uniform beams), MgL, and the entrained fluid
wass, o L; the nuearator is the sum of the
potential cnergy of the beam plus the totsl
internal energy of the fluid. We see that the
low frequency effect of the flufd is to reduce
the natural frﬂquencles by a factor

Mg/ iy +mg)]Y. At higher frequenciea the
fluid internal energy increases because the
fluid motion involves dilatation as well as
local inertial entrainoent. Just as at low
frequencies the structure and fluid kinetic
energles can be comparable resulting in a
reduction of the resonant frequencies of the
structure, at high frequencies the acoustic
effects wiich are retated to the energy stored
in dilatation can further affect the beam wotion.
For free-free beams in vacuum, or at low fre-
quencies in real fluids {f a, << My, we have
the natural freguency

T %

2
= —9%— (2n+l) (16)
N 4L ¢

{See Kinsler and Frey [7]) where CB/E and the
integer, n, refers to mode order. Pp

Assuming for convenience, that the beam
motion is expandable as a Fourier series of
characteristic functions, ¥ (x), the velccity at
any point on the beam is found to be

_ EVix) ¥ )
V‘%) ‘ Z tm *m’jw! i'-(h'/kp)" ! (17)

where

’1. + 7

18)
T TREA ‘

and*®

@n+)W 19)
k, s -:751: (19)

In pructice the ?m(x) for flu{d~loaded becams are
not the same as the invacuc mode shapes because
the fluid couples the invacuo modes ag well as
reduces the natural frequencies. The problem as
evidenced by the terms in Fquation (10) is to
couple the motisn over a finite surface with the
fluld poten'ial in a filuid volume, Furthermore,
to fully account for the apatial distribution

of fluid motion and dilitation would require
{ntr{ ate coupling of fluid and structure, which
would neceasarily ~ouple invacuo modes, To
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&ccount for the modal ccupling would require (a)
abandonment of the linear dashpot model, (b)
considcrahle generalization of our simplication
of the entrsined mass and (c) maintenance of
the internsl energy term in Equation (15).
Equation (17) gives the point impedance E/%(x,)
which fs controlled by the loss factor at and
near resonance, Near resonance, @3 g, if

Tp << 1 the summation, Equation (17), is domi-
nated by the n » m term and the vibration

. pattern is Y (x}. The total lnss facter for
the mode at resonance {s Ty = Rpfv(m, + Mg).

ACOUSTIC RADIATION FROM VIBRATING BEAMS

Theoretical and experimental analyses of
the acoustic radiation from vibrating beams
have already been given. Iyon and Maidantk [3]
have exemined the radiaticn from baffled simply
supported beams in aiyr. Baffled bcams are those
for which there is no fluid motion across a
plane parallel to and coincident with the
neutral surface of the beam. 1In this configu-
ration there is no fluid motion between the top
and bottom surfaces of the beam. Unbaffled
beams are those for which this motion is
permitted, Blake [4] has provided a similar
analysis of radiation from unbaffled free-free
beams in water. In this seution the beam
radiation will be considered on physical grounds,

The baffled beam has been considered by
Maidanik [9) as a strip radiator modeled with a
finite line of monopoles. The configuration 1is
shown schematically in Figure 2a for an even
mode (mode n = 6), The strip is of width w
and length L; the volume velocity of a monopole
element of length dx is

da=uw cosk x dx

(20)

where k, s Qn+ Un for n2 0, We will
consider narrow Lbeams for which Mg >> w, Each
composite monopole source radiates a pressure
at a distance R and angle 4 from the x axis,

. da J&R
1w (=
df =~ R .

The total radiated pressure from the array of
these sources for distances R >> L is approxie
mately

. iR
PRI * G Wy G -
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(b} Unbaffled Beam, Free-Free Supported

Figure 2 — Schematics of Beam Mode Shapes

Maidanik has argued that for the case of the
beam wavelength, )\, less than an acoustic
wavelength, \j and g << L, the radic*ion is
equivalent to contributions from decoupled
monopoles situated at the endt of the beam,
x = + L/2. This iy because adjscent regions
of alternate phase along the beam interfere
leaving remaining monopoles of length An/4
at each end of the bheam. In this circumstance
the acoustic power radiated into the region
z > 0 above the beams has been shown to be

2

u\
Qe (2) 3

where the subscript, M, denotes monopole power,

For the unbaffled beam, shown |chemattcnllyA

for the even (n = 7) mode in Figure 2b, the
radiation can be modeled as that due to an
array of dipoles. Aas before the beam {s
depicted s strip radiator composed of 2L/\}
half wavelengths of opposite phase. Each
composite dipole, which in turn is composed of
monopoles in opposite phase and geparated a

distance 2e apart, radiates a far-field acoustic

pressure (see Junger and Feit { 10})

. il
1wf
qu;o)- —5 dasin (ke coso)sri_

where 8 is measured in the plane normal to the
x axis, The elemental volume velocity {s

given by Equation (20) but in this case k, is
given by Equation (19), The adjacent dipoles
of length A\p/4 interfere as do monopoles in the

ey

pely wadardut L




baffled beam leaving resultant dipoles situated
near z = + L/2, The tip motions of the baffled

and unbaffled beams, however, differ considerably.

In the former case displacement is zero at

z =+ L/2 while in the latter the beam amplitude
is muximum there. This metion would be expected
to substantisally reduce the net strength of the
tip dipole, At low wave numbers, however, it
can be argued that fluid motion around the tips
(denoted by curved arrows in Figure 2b) reduces
the influence of the tips. II this motion were
not permitted, as for example by placing the
beam in a atrin baffle, the dipole strengths
would be reduczd. Thus, instead, the free<free
unbaffled beam behaves as a simply supported
strip segment of length L - A\p/4 set in a long
rigid strip. Since Ay/4 is considerably less
than unity we can express the resultant acoustic
pressure far from the beam, R >> L, as

‘f!RJQﬂ}- :-:’—,é Wi sinike cos 0)))‘.--

(22)
kR T igxeos £
AR,

-92
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The acoustic dipole power radiated to the upper
half-space is

¥y % T .
8= [ap[de Lr2=Rinp

Comparison of Equations (21) and (22) show that
the dominant distinction between the baffled
and unbaffled strips is in the kye dependence,
For small values of kpe we can determine the
ratio of unbaffled (dipole line) to baffled
(monopole iine) power as

(he)’

4 .
z

G
A more detalled analysis [6] gives the ratio

of radiated powers as a function of beanm width,
specifically

B, ()
£ /%6 .

SN < ne
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Thue the characteristic dipoie length, e, appears
to be approximately one-third the beam width.

The ratio of radiated power to mean-square beam
velecity is the radiation resistance, R.. This
is for the baffled beam

b. s
R' :f%f_".'.‘& (;‘) (I\"{)J (23)
and for the unbaffled beam
1
.
» ( —
Ro=L8le (22, w

Equation (23) has been experimentally
verified by Lyon and Maidanik [3] and Equation
(24) by Blake (4]. The latter investigation
wag directed at determining fluid loading
effects on the radiation from pointedriven
beams, Samples were driven at their centers;
the space-time averaged mean-square beam
velocity was measured at beam resonance fre-
quencies. The radiated power was simultaneously
obtained by measuring the acoustic pressure in
the large reverberant tank within which the
beams were driven, Measurements were made in
air and in water, Figure 3 {s an example of
a measurement performed in air; Equation (24)
{s shown with Lyon and Maidanik's relation for
the baffled beam. Fquation (24) which applies
for low ko/ky is shown in Figure &4 with a
similar comparison for aluminum and steel beams
in water. The measured radiation resistance in
water is lower on the aluminum beam. The steel
beam result agrees with Equation (24) down to
mode 7; the R; for mode 5 is lower than that
glven by Equation (24) because of the fluid
loading, These results and those for a 3-inch
width beam show that the measured radiation
resistance is reduced by a factor 4o colq,hn
from the theoretically determined ragiatlon
resistance, The measured ratio of radiated
power to mean=square velocity is reduced from
that given by Equation (24) because the fluid
toupling altered the assumed source distribution,
Fquation (20)., Since the low wave number
radfation is determined by tip motion, the
alteration in source distribution may have been
most dominant there,
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VISCOUS DISSIPATION AND BEAM VIBRATION

The local dissipation rate per unit volume
of fluid, u&, can be expressed in terms of
fluid gradients, i.e.,

U uUs
mP My 5

If we assume that the length scale, £, is
sufficient to define the fluid velocity gradient,
then we can consider

T

o gk

which dimensionally describes the dissipation
function. The total dissipation rate 6v in
the fluld can be described as yuy— Vp where

Vp i8 8 measure of the volume of fluid
within which dissipation rates are high. We
note here that £ can be dependent on the
velocity., The total fluld kinetic energy is

gewy

where V. is a measure of the volume of fluid
around the beam where u is perceptibly different
from zero, Now {f the ratio of local kinetic

to local dissipated energy in the high disai-
pation region near the beam i{s small (A
condition which cannot be extant everywhere in
the fluid, especially far from the beam.) {.e,,
{f the local Reynolds number,

4
sz-«l'

then flow sround the beam is viscosity-
dominated and much of the work doae on the
fluid i{s dissipated by viscosity near the beam.
Under these conditions the ratio of the rate

of total fluld kinetic energy loss to the total
diss{pation rate can be assumed as

j:u'\z constant, inde-
!% pendent of u

vhere T i{a the period of vibration Za
Thus we can write

3
é‘g"l = constant, independent of u

and the characteristic dissipation length, £,
appears to depend largely onw ° and vi. If
the beam dissipation is dominated by viscous
losses in the fluid then the instantaneous
energy balance, Equation (11), leads to the
simple result that the peak kinetic energy in
a cycle behaves as

2 [omem) o]

i

_K/% 'ZWLI

where K is a constant, We have written
= 2wLl for the volume of high fluid dissi-
pation If' decays as Tt then we have

) Kpw
7 m‘fi]‘ w
where T 1s the loss factor of the beam, If T

{s based on the 4ry mass of the hesm, Mp » o,hw.
we have

M*Yh.

?on= —'.H:"' ?

50 that
z;ﬂ
79&7 = K /‘h @)

which we will hereafter call My for the viscous
loss factor, loas factors based on the dry
heam mass will be denoted by a prime supers
script. The valldity of this expression wan
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examined by a parametric study of vibrating
beam decay rates that will be described in the
next section., Use of this definition of loss
factor facilitates comparison of results withe
out the complication of considering added mass,
Direct comparisons of beam resistance are thus
possible using this definition.

DESCRIPTION OF THE MEASUREMENTS AND APPARATUS

Measurements of natural frequencies and
total loss factors were made on various beams
in fluide, The small size and light weight of
the beams made accurate measurements of damping
difficult. Llosses at the supports and dissi-
pation at the contact point of the beam with
the impedance head were difficult to minimize
and, after considerable experiment, the
assembly described below was used. The beam
was suspended from 25 pound' brass weights using
piano vire (0.0l inch diameter and ! to 2 feet
long) loosely looped through a small hole at
the edge of the beam at the center of the beam
span. The brass weights were suspended from
the ceiling using bungee cord. The beam wae
mounted in this manner to minimize vibration
loss through its support; when the weights
were removed, 8o that the pilano wire was
connected directly to the bungee cord, the
beam damping increased perceptibly.

Natural frequencies of the beam above 100
Hz were determined by point impedance measure-
ments. The impedance head was mounted to the
center of the beam using a set screw or
“Eastman 910" adhesive., The force and acceler-
ation signals were both fiitered and the shaker
input was servo-regulated to maintain & fre-
quency~independent force, Natursl frequencies
below 100 Hz were determined by tuning a 3 He
filter to give maximum output with an input
acceleration signal which was generated by
tapping on the beam, For this measurement a
small scceleromter was mounted on the tip
of the beam and the shaker-impedance head
assembly was removed, Some natural frequenciqs
above 100 Ha were also ubtained from iwpact
response s well as from the point impedance
measurement, The fundamental frequencies
measured in air were generally with a few Hz
of those calculated usting Equation (16),

Quality factor measurements at vesonant
frequencies as determined from the bandwidths
of the resonant peaks gave higher damping than
the {mpulse measurements probubly because of
losses sustained at the impedance head mount {ng
point. Measurements of decay times following
{mpulse excitation of the beam {natrumented
with & ringls accelerometer were the moat
succosnful, This measursment was purformed
by monitoring the decay of 1/1 to 1/10«octave
tiltered tip acceleration signals on a Bruel
and Kjuer graphic level recorder or on the
Srencer=Kennedy Laboratory (SKL) decay rate
meter. In efither case, 60 d8 reverberation
times were used to obtain loss factors, The
use of filters to obtain the decay rates of
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separate beam modes in this manner is possible
when the bandwidth of the filter is larger
than that of the beam resonance. Measurements
were generally repeatable to within 30%. The
vibration levels were found to decay ex-
ponentially in air and in water.

Bear specimens were selected to vary
width, thickness, jlength, edge condition (sharp,
round, etc.,), beam material density, and
material damping. Beams of steel and of alumi-
num had widths that ranged from 1 inch to 3
inches, thickness from 3/16 inch to 1/2 inch,
and lengths from 17 inches to 36 inches, A
beam with high material damping wes constructed
with two 3 inch by 17 Inches by 1/8 inch
thick steel plates sandwiched around a sheet of
self adhering, cold~-pipe insulation tape sold
under the trade name ''Prestite.”" This (s a
cork=-tar composition that readily adhered to
the metal plates which were held together with
flat<head screws tightened until the overall
thickness of the composite beam was 5/16 inch.
The beam hid a dry mass of 0,12 slug,

Fluids, in addition to air, were glycerine-
water mixtures which provided kinematic
viscosities ranging nominally from 1 to 400
centistokes. Glycerine was selected because
of its complete miscibility with water, {ts
high viscosity, and the comparability of its
Po and ¢, with those of water.

The accelerometer used {n the impulse
measurement was waterproofed with "Digel"” wax,
The impedance headeshaker agsembly was watere
proofed with “PRC" compound,

EXPERIMENTAL RESULTS
ENTRAINED MASS
The entrained mass was determined from the

ratio of rescnance frequencies of a mode deter-
mined in air and water., The relationship,

(2

+

L
Met ™M

vhere subscripts 1 and 2 refer to the natural
frequencies of a given mode in air and in
water, was used. The added mass per unit
length of a long elliptical cylinder in steady
motion has been given by tamb [11] as

w = Fpw

where w {s the width of the scrip measurcd
normal to the (‘ow direction. If we

adopt this as the w = O limit for the beam
Blake [4] has found

LSRR ey ot ey




, for knv > 1

—-—!'. ——
Towt vk w
R

'uh'tch ts shown with expocimental results ln‘
Figure 3 for three of the beams. The static
heam sass has beén aafely asaunwd vqual to the

section. 5:: high kpw the sdded miss per unit
length is n,w/k, which (& just n/2 larger
than the r¥sult obtained by Davies [12] for a
finfte plate in a baffle.

" DAMPING OF VIBRATING BEAMS IN AIR

Lloss factors meanured in sir are shown
for the steel boams {n Figure 6, width and
_thickness are vatied t(ndependently, The highest
loss factors were messured on the lightest besm
(L.5" X 318" X 36") and the lowest on the
heaviest beam (1.9 X 1/2" X 36™). The figure
tuc Indes the defnch beam radlation luss factor
derived from Reference 4. The lown {sctors in
afr are rot dominated by acoustis vedistfon for
f < 10 kiiz so that the measuresents give, for
consideration in Equation (12}, only the
structural snd wupport losses. Kimball's {13]

modat wase since the beama are of uniform cross -
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ometer cable are both apt to contribute to
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to Coulomb frictfon at the juncture of the plano
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tnetrument cablee which are unlikely to dipend
strongly on beam mass. lmpdrtant contribution
from these externsl caures would explain why

the thick and thin 1.3Y width steel beams have
loss factors in the approximate ratio 2.6 which
is alwo the ratlo of the beam masscs. This leads

.,ci,. -
3 s
v i
: ‘ i
. i o4 A
= o 4
: "',’ '
w 'l A VN ele e W ’ PO ,-’ '
.: RERLELE L FRIL ] . !
‘ 3 st o mis ) / .
4 O ek eFaA emw * '""“‘,l- ;
¥ 1 ;
H t
.t . .. Y AT |
\ - - - wen
SREQUENK Y W e
Figute b Lins Favtors fir Brome i Ay




to the consideration that the Raip does not
depend on which specimen is used to decermine
it, thus the above results provide strong
evidence that the air-borne dissipation {s not
dominated by internal losses,

DAMPING OF BEAM VIBRATION IN GLYCERINE -
WATER MIKTURES

The loss factors based on the drv beam
mass, for various beams in water are shown by
the open points in Figure 7. Measurements for
the G” X 0.36" X 17') steel beam were made in
the Naval Ship Research and Development Center
(NSRDC) test pond, a large, effectively
unbounded, volume of water, The values of loss
factors for this beam fall between rather
natrow limits, Near 10 kHz the total loss
factor is dominated 'y acoustic radistfon; the
result for the rsdistion loss factor, ﬂg'. has
been taken from Blake [4]. In the frequency
range of 1 to 10 kHz the loss factor is nearly
constant at 0,0025. Two 3-inch beams, one
with rounded edges the other with knife edges
had the same loss factors in water, thus in-
water damping did not substantially depend on
the beam edge condition. Lloss factors for a
(1" X 0.36" X 17') beam were the same as those
for the 3" hoam, thus showing independence of

beam width. loss factors for the (1.5" X 0. 188"
X 36') beam are included; the results show
clearly sn increase in loss factor with a
decrease in thickness, The 0.188" thick beam
shows 2 £°¥ (Note the line 4 in Pigure 7)
dependence which covers a larger frequency range
than shown by the other beams. Furthermore,
the loss factors do not appear to depend on
beam length. The slightly higher Ty for the
G" X 0.36" X 17" beas than for the (1,5" X 5"
X 36') beam can be accounted for by the thick-
ness difference, Finally, mode order does

not appear to be a dominant effect, i.e., there
appear to be no separate dependencies for even
or oddenunbered modes.

The dependence of the loss f{actor or
viscosity was determined by measuring the
damping of the (3" X 0.36" X 17") beam in an
acquarium using glycerine-water aixtures,
U.S.P. -grade glycerine, v = 390 centistokes,
and 85% by weight glycerine-water mixture
v ® 44 cent{stokes, were used in a 20 gallon
acquarium, The viscosities vere measured
nsing the rates of laminar flov discharge
throngh long tubes [6]. A oeasurement (n wvater,
v = 1 rentistokes, showed that for frequencies
less than 100 Hz the loss factora measured {n

the acquarfum uere comparable to those measured
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in a free field, Above 100 Hz the loss factors
were only slightly higher than those in the

free field, and the higher loss factors indicated
some energy loss to the tank through finertial
coupling of the beam with the tank walls.

. The results of measurements in glycerine
solutions show clearly an increase in loss
factor with viscosity. Furthermore, the fre=
quency renge of near-dependency on f % for the
3'"-wide beam was extended to nearly 10 kHz and
line 1 in Figure 7 is considered to be represent-~
ative of that dependence in glycerine, Lines 2,
and 3, are calculated from line 1, assuming
that T ~ vs. they are in approximate (30% to
407%) agreement with the measurements. In
calculating line 4 we go one srep further by
assuming T « v and scale line 1 for the
condition of the beam (1.5" X 0.19" X 36") in
water. It is well to point out that since the
densities and speeds of sound are similar for
glycerine and water the'iradfatfon loss factor
shown in Figure 7 is assumed to apply to all
‘1iquids.

We can summarize the results of the
previous paragraphs: the loss factors in
viscous liquids at low frequencies are nearly
inversely proportfonal to the thickness of
the beam, to the square root of frequency,
and to the beam density; they appear to be
directly proportional to the square root of
kinematic viscosity. Thus at low frequencies,
at least, we can write

>
h

7=k

ARIES

which is the result Equation (25). The results
give k = 5. Finally, at low frequencies the
condition of the beam edyes does not appear to
be usn important variable in determining the
overall loss factor. It {s possible that local
viscous stresses near the beam edges especfally
at the tips could have contributed to the
phenomenon of fluld loading shown in Figure 4.
Although thesc viscous stresses did not appear
to dominate the total damping they could have
altered the vihration patterns near the tips,

The woter loss factors in the frequency
range | kilz to 10 kHz could be, in part,
caused by support and cable motion i{nduced by
the beam. Ii the air measurements are
{nterpreted to give
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and the water measurements to give (see
Equation (12))

AR S

then

’ *
%%,
- .

1f 1! is unaffected by the water. Reduction of
the 10!. factors in Figure 7 by an amount equal
to Ngg reduces the observed water loss factors
from 0.0025:t0(0.002. If both T, and T, are
deleted from the loss factors near 7 kHz, we
obtain ﬂv s 0,001. However, there is little
assurance that the support losses are the

same in all media. It is more likely that
support losses are somewhat increased *: tta
viscosity of the fluid, since those losses
would have to do with transverse motions.

DAMPING IN THE COMPOSITE BEAM IN AIR AND WATER

Our discussions of beam damping are
completed by considering the measured loss
factors of the composite beam {n air and in
water. The results serve to {lluctrate that
the contribution of fluid damping to the total
loss factor can be considerable even though the
test sample i{s mechanically damped. Figure 8
shows the results for the 3rd through llth
modes as measured by the quality factors of the
resonance bandwidths [ 7). The atir measurement
shows a maximum loss factor of 0,0074 at 2.3 kMz,
the loss factor decreascs at higher and lower
frequencies, The loss factors of 3-layer
composite structures have been theoretically

derived by Ross, ect.al, [l&] Their relations for

the maximum loss factor of the composite and
for the frequency of that maximum loss factor
can be used to obtain the effective shear loss
factor and Young's modulus of the Presstite.
The computations give the shear loss factor
0,1 and an effective Young's modulus 2.7 X 10"
pat for the layer, These estimatea {n no way
account for the constraining effect of the
screws that hold the plates together, this
effect would pomssibly be to increase the
effective modulus, The calculated loss factor
and storage modulus are also conafatent

with the approximate frequency dependence
sketched {n Figure 8.

The loss factors in water are about 0,0019
or about 257 higher then those measured in sir.
This difference ia apparently due to the water
damping dfscussed {n the last subsection
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assuﬁing that the materfal damping was the same
in both measurements,

NISCUSSION

We have examined the dissipation of free-
free beams in various fluids in order to
distinguish the relative importance of internal,
radiation, and viscous Jamping. For the simple
geometry investigated, low frequency 'dissi-
pat{ion was apparently dominated by support
losses in air, and by viescous dissipation In
heavy fluids. High frequency damping on the
other hand, was controlled by acoustic radiation.
The results are applicable for unbaffled
structures whose dimensfons are small relative
to an acoustic wavelength. In this case
acoustic radiation accounts for very little
damping so that the other, perhaps, less obvious
losses are dominant.

Although the mechanism of the viscous dissi-
pation cannot yet be clearly defined, we can
propose arguments that at least postulate its
connection with low Reynolds number flow around
the beam. Low Reynolds number viscous oscil-
latory drag due to flow around hodies depends on
the first power of the {nstantaneous speed, U,
of the body. lamb [11] gives, for example, the
drag force on a sphere osci{llating {n transverse
mot{on with (requency as

£e-6Mua Ul fj?;_'&}l‘ .

where y {8 fluld viscosity and a is the sphere
rardius, The quant{ty 6malU {s the steady motion
drag of a sphere, Batchelor [15) glvea a
gimflar result. We assume, heurfsatically, that
the oscillatory Stokes drag can be approximated
by an equation similar to the ahove as

54

el o]

where F, 1is the steady flow drag and d, is some
ms jor proportion of the half-width of the body
measured normal to the direction of motion.

For a long elliptic cylinder Lamb quotes the
asteady drag per unit length as

r
5%: 2 27 G Zf

where ¢ is a Reynolds number-dependent factor
which, for our arguments, we can take as unity,
Thus we can vrite the resistance per unit length
see Equations (13) and (14), as

T, .znznz)[}+cz Ef}é%gﬁ?

(26)

for a vibrating strip. Batchelor's [15) result
for a circular cylinder 1s analogous. We have
written d, e Y.1f the frequency-dependent term
in a brncket.;nr-exceedu unity we have

g e LEL 2 /=
z h el
v f—;

which is {dentical to Equation (25). Experi-
mental results give the low frequency value of
> as 2,2 snggesting that d;y = w would have heen
a bhetter selection than w/2,

At frequencies above 1 kHz, dissipation
associated with fluid motion parallel to the
surface of the beam could account for additional
fluid damping. This disaipation would exiat
because the fluid motion at' the surface and in
the plane of the surface must vaniah because of
the "non-slip" condition on the beam. Thus at
structural node lines the motion near the wall
must i{ncrease rapidly from zero; the resultant
gradients could account for wubstantial disais
pation. Of course, this ta {n the realm of
some speculation hecause support losses in the
current experiments have not been discounted
from {mportance,

We point out again that the experimentally-
determined curves of log-ampiitude v time during



a vibration decay was linear thus the energy
balance was not noticably vibration-amplitude
dependent. Unfortunately, the impact measure-
ments could not be controlled to yield specified
vibration amplitudes, but the peak vibration
levels were low enqough that in water the
Reynolds number, L™ | where u’ is the peak
transverse beam veYocity amplitude, was always
less than 10. This places the near-field flow
around the beam in the viscous flow region where
Equation (26) is most apt to be valid,

The results show also that fluid damping
can contribute materially to the total loss
factor measured for a structure immersed in
the fluid and could conceivably dominate small
to modest differences in measured loss factors.
Since fluid effects, both acoustic and viscous,
are geometry-dependent and since material
gpecimens for testing are geometrically dis-
similar to their eventual application,the need
for in-water damping measurements is questioned.
It would be more advantageous to make careful
in-air measurements to at least establish the
materfal loss asnd thereafter estimate onalytically
the fluid losses involved with the specific
application in a structure. 1In general fluid-
loading will be a nearly indeterminant variant,
but for low values of pocolq,hn those eifects
may be safely neglected., When fluid-loading
effects are {mportant, erroneous neglect of
those cffects will lead to an overestimate of
the fluid radfation damping.

ACKNOWLEDGEMENT S

, The assistance of Mr. J. Hicks in performing
the measurements and discussions on experimental
technique with Mr, G, Remmers is acknowledged,
Support for this investigation was provided by
Naval Ship Systems Command.

YEFERENCES

. lazan, B,J,, "Energy Dissipation Mechanisms
in Structures with Particular Reference to
Materfsl Damping,'” paper in "Structural Damping”,
ASME Colloquim on Structural Damping, J.E,
Ruzicka, Ed, (1959)

2. Kneser, J,0.,"Ubar die Dampfung Schwingender
Zylindrischer St¥be durch das umgebende Medium,"
7eitschrift fiir angewandte Physik, Vol. 3, page
113 (1951)

3. Lyon, R, and Maidanik, G., "Power Flow
Between Linearly Coupled Oscillators,' J. Acoust,
Sec. Am., Vol. 34, page 623, (1962)

4. Blake, W.K,, "Radiation from Free-Free Beama
Under Influences of Light and of Hleavy Fluid
loading,” NSRDC Report 3716 {n preparation,. (1971)

5. Rayleigh, J.W.S., "The Theory of Sound,”
Dover Publication, New York, (194%)

6, Bird, K,B,, Stewart, W.F,, and Lightfoot,
E.N,, "Transport Phenomena,” John Wiley and

55

and Sons, New York, (1960)

7. Kinsler, L.E,, and Frey, A.,R,, "Funda~
mentals of Acoustics,” John Wiley and Sons,
New York, (1962)

8. Crandall, S,H., "The Role of Damping in
Vibration Theory,” J. of Sound Vibration,
Vol. 11, page 3, (1970)

9. Maidanik, G., “"Response of Ribbed Panels
to Reverberant Acoustic Fields," J. of Acoust.
Soc, Am,, Vol. 34, page 809, (1962)

10, Junger, M.C. and Peit, D., "Sound, Structures
and Their Interaction," MIT Press (to be
published)

11. Lamb, H., '"Hydrodynamics," Dover Publications,
New York, (1945)

12, Davies, H.G., '"Acoustic Radiation from Fluid
Loaded Rectangular Plates,” MIT Acoustics and
Vibration Laboratory, Rep, 71476-1 (Dec 1969)

13, Kimball, A.L,, "Vibration Problems," J, Appl.
Mechanics, Vol, B, page 135, (1941)

14, Ross, D., Ungar, E,E,, Kerwin, E,M,, Jr.,
‘Damping of Plate Flexural Vibrations by Means
of Viscoelastic Laminae," paper in "Structural
Damping,”" ASME Colloquium on Structural Damping,
J. E. Ruzicka, Bd., (1959)

15. Batchelor, G.K., "An Introduction to Fluid
Dynamics," Cambridge University Press, (1967)

i, Aw«.‘.m.‘u‘,

Y -

A L

R




DISCUSSION

Mr. Briggs (General Electric Co.): I you
used your viscous damping approximation, and
at higher frequencies if you agsume turbulent
flow around the beam and use turbulent fluid
flow damping, how does that compare with the
dissipation factors that you obtained from the
acoustical observations, or did you do that?

Mr. Blake: The peak Reynolds number,
which was determined after the first impact,
was less than 10 and this was based on the width
of the beam, Tha flow was not turbulent, and it
is pertinent that these are edge effects. Beams
with rounded edges and beams with knife edges
gave the same loss factors, So it has to do with
pressure difference associated with the entrained
inertia between the upper and lower surfaces of
the beam and the flow around it.

Mr. Baker (Southwest Research Institute):
In the past we have done quite a few damping
experiments on thin beams vibrating transversely
in air. The same effect that you call a viscous
effect for the beams vibrating in water is also
present. It could be that the air damping will
predominate for low {requencies for slender
cantilevers or free-free beams, vibrating in air.
I would suggest that you not only determine the
material damping out of water but out of air
also. Secondly the Reynolds number by itself
is not important, This non-zero viscosity and
the actual physical mechanism, although it is
only affected slightly by the shape of the beam,
is one of vortex shedding and it correlates well
with some old work that Killigan and Carpenter
have done at NBS on moving waves past little
barriers.

Mr. Blake: Actually there has been a study
of the alr damping by Kanesser in Germany maybe
15 years ago. He stuck a beam in a bell jar and
evacuated it and then put carbon dioxide in and
he performed the same kind of experiment,
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Mr. Mains (Washington University): Tlhe
relationship you used where you had an M of one
kind plus an M of ancother kind divided by one of
the first M’s looks very much like the virtual
mass way of doing things as in ship design work.
Is this correct?

Mr, Blake: Yes. It was the sum of thebeam
mass and added mass divided by the beam mass.

Mr. Mains: 1 always get a little bit fried at
this added mass business, It is so easy to do it
as a velocity dependent force. Why do you not do
it that way instead of fiddling around with added
mass?

Mr. Blake: Do it as an added velocity
dependent force?

Mr. Mains: Yes, The force with which you
are dealing, that is causing this change in be-
havior 18 one that is dependent on velocity. Why
do you not put it in the velocity term instead of
in the acceleration term?

Mr. Blake: The reason for accounting for
the added mass that way was because it depends
differently on the width of the beam than the
total resistance. I wanted to make a clear cut
comparison of resistances by the different
mechanisms 80 I thought it better to base every-
thing on the dry beam mass.

Mr. Mains: A paper about 1963 by F.T.
Mavis, and a man named Crum, in either the
ASCE Structural or Engineering Mechanics
Journal compared the loss of frequency in air
and in water for beams, and ] think some other
shapes too, with quite interesting losses in
frequency resulting from submergence in water.

You might find it worth looking up.
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'OPTIMUM DAMPING DISTRIBUTION FOR
| STRUCTURAL VIBRATION

R. Plunkett
University of Minnesota
Minneapolis, Mianesota

Structural damping using constvained viscoelastic layers, inserts,
or material t:ru‘t‘gent is increasifagiy being used to control the
resonant vibration response of structural systems. Any of these
techniques ose & weight and cost penalty. In this study we |
invut‘lsau the optimum distribution and amount of dnpin%
trsatment for controlling the vibration response of a uniform
beam [n bending with varicus end restraints., For reasonable para-
meters it is found that optimal distribution is highly peaked at
the centar, but that a uniform distribution of the sane weight

of damping treatment will increase the response by only a few
percent. It is also found that optimum dampiag for theorsticsl
{minimus response i pnct‘lcau{'umbutmble so that almost any
increase in the amount of damplag treatment wiil reduce the
vibration level. The question then ¢ es from one of structural
optimization regardiess of cost to one of cost-effectivencss.

INTRODUCT 10N

Modern {ightweight, high
strength, high speed structures ate
very susceptible to dasage by vibrativa,
Deliberately i(ntroduced &w{&g trest-
agnt La being used more and wmore to cone
trol regonant vibdration to reduce nolse,
improve comfort, ur controel fatigue
{allure. Now that it has been estab-
1ished that such trestment (o uselul
for some proliloas, It bocomws a proger
ugwwrmg‘;nh to sk about the cost
and weight tradeoffe, The techulgues
tor finding the respoase of beams (o
bendiag for varivus conllgurations and
oftd conditicas have been reduced to
practice and are widely cited ln the

-

technlecal literature, e.g. “1,25-

response is increased. - Fortunately,
f. v must configuraiions the respoase
lovel 1 not very seasitive to |
readonable deviations from optimeiity;
for exanmple a-dampar of elther twice
or half optimal strength wiil increase
the response by about 235% 7S;,

. It Ls pertinent to ask (f there {4 an
ootimal distridurica of distribated

linear. ing and, I so, vhat s
the seasitivity to deviations from
an optisal disteibution. -

' It {¥ cartalaly pessible to - ¢
investigate thie question for specific
coliguratlons end the methods of :
this teport cen be used for wuch a

Studies have been made to find opiia;nl purpose,

PO VP

configurstions {«r the crose sections
ot d beams of uniforn crons dectio
133 techniques for (inding tw
vibration reapoise ¢l complox sttuctur.s
with many degre. 2 of freedom ahd copiex
sode shapes are readily avasiladle iu
curfent texts, e.g. Ch;.

16 previous studles 1t has
beett shnn thet there ate optisal
locations and strengths fur coacentra~
Ced dempers tn distributed systems
£5,6Y. 1f the streagth of a ¢concentra-
tod demper {1 either greater then or
less than optimal, the vibratica
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“widor fnterest te att
-general problem,

" of bending dowping

It might be of soaewhat -

t 3 wore .

In this report we
have sought the optimal dlstribution
fuch ar that {rom
comnatrained Vlltt”!ililiq layeds, {ov

a ualfomm dbeam. The ellect of the
{mpedance of the end supports has

been fnvestigated bul s atlempt vas
made to deteralve the of fact d(e-
ferent kinds and locations of vibtetory
loads, Previous work Indicates chat, .
except for pathologicel casex, the - -

optimm answer Jdoes not depand uﬁxéél_g .

on such parameters. The anmwer one
gets {or optimm demgir: doeh dapend

~

A




on the criterion used; in one case the
value changed by a factor of & to 1
depending on whkich of three reasonable
criteria were chosen (7], however, if
the middle value were chosen, the
response at the extremes was only
increased by 257, as expected.

HETHOD

The method used in this study
~-wav to choose a particular beam aand
_stpport combination, and then conduct

a search in function space for that
dist -ibution snd. amount of bending
damping which would minimize the
maximum response over the whole frequen-
cy range. The search was made with a
digital computer using a technique
previously developed [5] which consists
of changing the minimax problem to one
of unconstrained minimization. This is
done by finding the maximum respouse as
a function of %requency for each trial
configuration and minimizing this
auxiliary function with respect to the
other parameters of the prcblem. A
number of search techniques can be
employed, the particular one used was

a second order gradient controlled
iteration, .

Thé problem was also changed
from a search in Hilbert space for the
configuration of a continuous system
to one in Euclidean space with a finite
number of dimensions bv expanding the
continuous functions in a set of
appropriate functions, using the coef-
ficients of the expansion as the control-
ling parameters and truncating the
scries at a point where the answer
was esgsentially independent of the
number of terms. The rate of conver-

ence of thls technique has not been
ormally investigated but there should
be no difficulty with it 1if sufficient
care is taken in the choice of functions,

SYSTEM PARAMETERS

In this study we chose to
examine the specific problem of a uni-
form beam in bending, supported at thu
ends by damped linear springs offering
no moment constraint, and excited at
the center by a concentrated transverge
load with ginsusoidal time variation.
The response cr:terion was the trans-
verse displacement at the center. As
mentioned before, the objective was to
find that distribution and amount of
bending damping which minimizes the
response ratio maximized with respect
to frequency., In all of our studies
we have found that for any reasonable
distribution of dampinﬁ the maximum
response ratio i{s at that frequency
corresponding to the first bending mode,
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This means that a relatively small
number of generalized cocrdinates give
an adequate description of the deflec-
tion shape.

For gimplicity, we have con-
fined our study to linear damping;
since the active frequency range of
interest is narrow, the frequency
dependence 1is relativelz unimportant,
In this study we have chosen to use
structural damping i{n which the energy
dissipation per c¢ycle is proportiora
to the maximum strain energy regardless
of frequency. The use of viscous or
other 2requency dependent danping
would have little influence on the
results.

The problem studied is the
configuration shown in figure 1. The
governing equation is [4]:

Feiut

— L/2 -—QL—- L/2 -3
\

IE O + if(x))

Lo

k(1+in) ve

B

k(1+ifg)

Fig. 1 - Beam Ccnfiguration

X

2
2 (E1(1+in(x)) 2
AX

QLJ
=
+

(14)
2.
3V _ o
PA = q(x,t).
ad
Making the harmonic substitution so that:
(x,t) = q(x)el¥t ete.

- przv = q(x)
(1B)

2
EI(l+n(x)) d%v
ax?

Q.JQ.
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This equation can be put into discrete
algebraic form by taking advantage of
its self-adjointness, To do this, we
expand v in a set of functions complete
over th: interval Q to L, letting:

vix)= £ a {x) )
$99

We substitute this expansicn into equa-
tion 1B, multiply by qk(x), Integrate

over 0 to L (imner product), and inter-
change summation and integration:

Ta jL o {x) 42 EI(+in(x)) d%g.(x) dx
3 e o

5 ayef om0 i = | (DaCax
Pl hl Paat s PR

The first {ntegral may be integrated
twice by parts to give:

L
ta, (EL(1+n(x))e,) * |
% 3 j( j) 0
, L
- TaELenG0)e l;
' L
+ ?aJIO(EI(Hn(x))%"qj" dx
2 L
..3:. aJIO pAQk¢jdx

L
- jo % (X q (x) dx )

The first summation is the shear force
evaluated at the support points and the
gecond 1s the bending moment at the
same points. Using the boundary
conditions, the bendiug wmoment is zero
(simple support) and the shear force is

L
giaj@gli'n(x»vj") '[0

L
= + k (I+ing)E 4

Now leﬁ
L
Mjk - IO QAQBdex
L (5)
s"k = Jo EIQJ"Qk"dX
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This same expansion is not convenient
for the dissipation term so we let

n(x) = % bi 'i {x)

and define

L
Dyjk ~ [ o 1 (ey" ()" (x)dx  (6)

Letting

L
Q = Io A (x) q(x)dx )

equation 3 becomes:
za, [k (L+ing) (9 (9, 0149, L9, (]

- . 2
+ Sajs-“‘ + 1;:§ajbinm - ?‘ﬁc - Q
(8)

The trick is now to choose
the ¢3(x) and the yi(x) to form com-
plete sets, to minimize the coupling
among the equations and to get the
fastest. convergence, Since the system
and the external excitatlon are both
symmet.ric, the optimal damping diastri-
bution and the response will also be
szmmﬁCric about the midpoint, With
these criteria, the functions used

were:
% = 1
93 = gin (Zj-L)mx =1 . . . @@
L
9)
Vo ™ 1
WJ = cos 2jmx =1 ... 00
L
Then
Soj = 0
Sjk - 2 : *4k2
Syy ™ EIL[(2)-1)r] =M_ w. =M _(2j-1) vy
e L
(10)

(Note, wy; are the odd frequencies of a
simply sépported beam in bending.)
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Hoj - 0
Hy = 0 j$xjan
Mg " L= Xy
2 2
Dojk =0 jork=0
= Jék
i [(23-1)#» 3k
N
140 (12)
L Ez_.(zj-uz(zk-n%";1t_(j-k)-o
4 A

,EIL(zj-nz(zk-z)Zn“;H_—(j+k)-o
% L

For a concentrated load, F, at the
center

Q = (-p¥lr 13
It should also be noted that
0) = L) =1
9 (0) =@, L) (18)
and @ (0) = ¢y (L) -0 j>0

For opcimizgtiénzpurposes we let Fwl
and take v(L/2)® as the objective
function.

v(L/2) 2= [}: n¥ttal? as)

The optimizatlon problem has
now baen reduced to minimizing the
objective function, equation %IS),
with respect to the parameters bi and
maximizing with respect to w¢ where
the components of the objectise function
are detarmined by equation {8), A
sufficient number of the ay must be
taken that the result is egaenttally

unchanged by increasing the number., In

€0

. e P e N _ e B A S s AT AR YR - A
L o AL oY oA e LR AL e s vn AR b it AT IR v AT A R DR s i,

our case we found that 8 degrees of
freedom was ample for the symmetric
gtoblem. The results may be constrained
¥y limicing the number of by considered;
if only bo is used, then the optimal
value for uniform damping is found., As
many as 8ix b's were inciuded to define
the optimum distribution of damping.

Using the methods outlined
previously [S5) the distribution of
damping required to minimize the maxi-
mum value of v(L/2) at any frequency
was foung foi a range of s:iffnesagg '
and damping in support springs,. The
distributien of damping &nd
vibration auplitude depend ooly on the

ratio of sptring stiffnezs to beam stifs- ?i "
-ness; The dimenaionless stiffness is :

descrioed in terms of that pair of -

springs which would give the: same fre- -*ff~'~
quency as the simply supported beam if

the beam were a rigid mags:

kO-.-: TYQEI N
2L

All frequencles are referred to the
lowest simply supported bending -

beam mode
o’ - [ﬂ‘.‘,m]*
s

The relative amplitudes arq:glven-in
terms of: e

vg = Xy = Fl2k,

1000] R
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Fig. 2 - Optimum Distributed and
Uniform Damping
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Figure 2 shows the optimal
distribution of damping for very stiff
é:/ko = 100) and medium stiff

/ko = 1) supports for two different
loss tangents (mp = 0 and 0.5), The
optimal uniforﬁnﬁamping is shown for

]
k/ko = 100

‘l np o+ 0

nix} = {ngp(x)
(see fig. 2)

"opt w125

e e e e e e e e

B S e

oL T A

Fig. 3 - vibration Response at Optimum
S ~.and Off-Optimum Damping

comparigson, ~Figure 3 shows the . ~
frequency response with very gtiff -
undamped supports for non-optimal
dampirig. Figure 4 shows optimal ual-

1000

100

BT S .
. { L b /K, 100

f"%,Eﬁg.fﬁ;% Optimum Uniform Damping vs.

form damping veérsus support stiffness- . -

~ with support damping as a parameter;

the amount of optimally distributed
damping varies in about the same way.
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" QUALITATIVE-RESULTS

o We. are Interested in the
effécts of the varicus parameters on

~ “the response maxiniized with respect

to frequency, - The significant para-
metery . ¥or  thiy problem are
, ‘1.) Beam ngp{hg Afstribution
2.) Amount of beam damping
-3.) End support stiffness
- 4.) End support damping regio
The last twértcrms may he considered .

ag vepresentative -of the impedance
of the end support with the stiffness

. coyresponding to. the reactive portion
-~ and. the support damping ratioc corres-

ponding to the loss tangent, There

15" 1ittle difference in optimal beha~
vior between a mass~like.termination
and &-spring-like termination; the only
obvious effect is Lo make the .frequeacy
shift foy maximum response positive
instead of negative., Therefore only
one of these, the spring-like support,
was studied, : T

.If the relative impedance
is very high, further increases make
1ittle difference to a beam with
reasonable amounts of damping:- the -
beam behaves like a simply supported
beam on a rigld support., As g resuit,




for values of n(x) less than 1, there
are resonances at each of the symmetric
beam bending fre2uencies whose ampli-
tudes are controlled by the beam
damping (Fig. 3, ¢ = 10-3). For
values of f greater than 1(¢~10‘2) the
beam bending resonances are almost
suppressed, From a practical stand-
point, values of f much larger than

1 are of little interest because
materials de not have such large
damping factors; nonetheless it is
interesting to note that the optimum
damping is essentially that which
makes the beam impedance match the
support impedance.

For support impedances comp-
arable to the beam impedance, the
optimum r; is still appreciably larger
than 1 so that any practical construc-
tion is suboptimal (fig. 4). As the
supporting impedance becomes very
emall, the beam starts acting 1iks a
free-free beam and cptimization depends
on whether the very low frequency
behavior is of interest. Since in
most practical structures, low support
impedance is agsoclated with internal
resonances, this implies relatively
high frequencies, As a result,
regardless of the answer for the
simplified analysis of the case of
constant support stiffness, a loss
tangent for the beam as high as can
be obtained will almost always be
desirable.

The qualitative behavior of
this system is much like that of other
multi-degree of freedom systems (fig.4).
For light damping, (<<l, the beam
resonances and anti-resonances succeed
themselves in an orderly fashion as
the frequency 1s increased. As the
beam damping is increased above 1,
the beam bending modes are suppressed
and the maximum amplitude contfnues
to decrease in value and increase
in frequency until an approximate im-
pedance match 1s obtained, The opti-
mum damping gives maximum response at
a frequency between the lowest beam
bending frequency and the frequency
corresponding to the beam mass on the
support stiffness. Increasing the
damping still more makes the beam act
like a rigid mass whose response is
controlled by the support damping.
Damping either greater than or less
than optimal increases the maximum
response according to [2]):

Vmax 'l{? + "og{]
(vmax)opt 2{Nopt n
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This simple relationship is
invalid for beam dampini 8o large
that the vibration amplitude is con-
trolled by the support dampin%. As
xentioned before, this 1s of little
praatical interest except for very
flexible supports.

DAMPING DISTRIBUTION

The major purpose of this
study was to find if large gains could
be had by properly distributing the
damping. Because the surface in para-
meter space is so flat near optimum
damping, major changes in the distri-
bution make little differeace in the
response if the average value is
about right. For flexible supports,
optimum distribution is almost uniform
(fig. 2)., As either the stiffness
or the damping of the support is
increased, the optimum damping distri-
bution becomes highly peaked in the
middle of the beam as might be expected.
For a dimensionless spring constant of
1 and ng = 0.5, the optimum distribu-
tion of n(x) varies by a factor of
5 to 1 from center to ends; however,
the response only increases by 1% be-
tween optimally distributed dampin
and optimum uniform damping. Simllar
results are had for other stiffness
values, There is a weight penalty for
using uniform damping; the total
amount of optimum uniform damping is
1.5 times that of optimally distributed
damping, However, if this latter
were uniformly distributed so as to
give 0,67 times the optimum uniform
damping, the response would only
increase by 8% more. One would expect
similar results for any degree of end
fixity, linear or angular.

CONCLUSIONS

The maximum vibration responge
of uniform beams in bending is relative-
ly insensitive to deviations from opti-
mum damping distribution in the direc-
tion of un?formlty. Obviously the
eonverse cannot hold; if bendin
damping were concentrated at go nts
along the beam where the bending
moment were zero, it would have no
net damping effect.

This conclusion is subject
to the limitations of the type o
system investigated. The one described
here is highly symmetrical: the two
end supports are the same, it is loaded
at the center and the controlled re-
sponse is at the center. It would
undoubtabl{ be possible to construct
a patholoi cal case in which an
optimum distribution would reduce &




response manyfold below that of a 5.
uniform distribution.

In view of the largo varia-
tion of the impedance of structucal
attachment points with freecuency, the 6.
difficulty of constructing a nor-
uniform damping distribution and the
relatively small returp to be had
from it for eny reasonable choice of
parameters, we are forced to conclude 7.
that a uniforn distribution of damping
is best for uniform beams in bending
regardless of end fixity. Except for
unusual configurations, the larger
the damping factor the smaller the
maximum response; since we can hardly
get values of n grenter than 1, optimal
amounts and distribution of damping
cannot be had for ordinary beams on
supportg of reasonable stiffness.

This conclusion does not hold for
amplitude dependent damping devices
such as tuned absorbers; in their
case the desirable location is criti-
cally dependent on the runing fre-
quency and overdamping is all too
easy.
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DISCUSSION

Mr, Peralta (Bell Telephone Laboratories):
Did you investigate whether the addition
damping in the supports would lead to a more
practical distribution of optimum damping ?

Mr, Plunkett: Yes we did investigate that,
especially the effects of added damping in the
supports. I put values of nof 10 and 100 etc.
into the supports and found that it did not make
any difference at all,

Mr. Thomas (Naval Ship Research and
Development Center): Are you familiar with
N eIsonis and Hoke’s work reported in an ASME
publication about a year ago that sort of contra-

dicts your resulis both analytically and experi-
mentally ?

Mr, Plunkett: No.

Mr, Leibowitz (Naval Ship Research and
Development Center): It appears t> me that
your optimum results apply to the modal pat-
terns that are forced by the excitation at the
center of the beam, if however there were a
special distribution of forces I do not see that
that would be the optimum resuit,

P A Lt L e
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Mr, Plunkett: You are absolutely correct
and in good academic tradition. I always open
an escape hatch behind the written paper because
I can always be misquoted during my presentation.
I am certain that a pathological case can be built
that will contradict these general conclusions,
There might be an excitation that would excite
only the tenth mode of the beam and I am certain
it is an optimum distribution. There i8 one that

“1s considerably more unsymmetric than that.

You are absolutely correct,

Mr. Leibowitz: I refute your statement
that this is the general case.

Mr, Plunkett: I agree, this is not the gen~
eral case! Various studies indicate that most
things of interest are relatively symmetric,
The general statement that you cannot find an
optimum distribution that will vary much from
uniform of course is incorrect. For example
for tuned absorbers we know that there are
optimum positions for damping out spscific
modes,

et S B A o A A S B, o s T T Pt e e it D e

AN gAY S e g SR




A LAYERED VISCOELASTIC EPCXY
RIGID FOAM MATERIAL FOR VIBRATION CONTROL

C. V., Stahle and Dr. A, T. Tweedie
General Electric Company
Space Division
Valley Forge, Pa,

An approach to the control of vibration is presented which uges a
combination of a rigid polyurethane foam layer and a viscoelastic epoxy
high damping layer. The layered configuration offers the advaatag:s of
both stiffness and high damping when applied to sheet metal panels, The
rigid foam layer is used to offset the damping layer frum the metal sur-
face to be controlled, The effect of the foam is {0 impose larger strains
on the damping layer resulting in a much higher loas factor for the lay-
ered configuration than could be obtained using the damping material
directly on the metal surface, The vincoelastic epoxy (SMRD 100F50)
has a higher loss factor than some of the available viscoelastic mater.
{als. Additional advantages are that both the foam and the viscoelastic
material sre castable, have low outgassing properties, and have a low
density compared to other available viscoslastic materials,

Experimental results are presented for cantilever beam element tests
us<d to determine the damping characteriatics of selected space com-
patible materials and evaluata layered and laminated configurations.
The use of the layered material for a relay panel installation in the
NASA-Goddard Space Flight Center Earth Resources Technology Sat-
ellite Power Switching Module is described and vibration test results

arc presented,
INTRODUCTION levels in the thrust axis of 10g in the frequency
range from 60 to 150 Herte while the level was
The design of spacecraft clectronic campon- reduced to 5g above 150 Herts, Consoquently,
onts to withstand the launch vibration environment  the design goal was to provide resonances
requires packaging m:thods which provide both above 150 Hertz. The PSM is comprised of two

stiffness and damping. The required rigidity of
the design depends on the vibration environment
of the component as reflected in the component
vitration specification. In general, packaging
methods which provide dynamic magnificaiions
of less than 0 are considercd to have adequate
damping, although smalier magnifications are
sometimes required. :

Early vibration development tests of the NASA-
Goddard Space Flight Center Eaith Resources
Technology Satellite (ERTS) Power Switching
Module (PSM] indicat~d that although the pack-
aging design provide:l adeguate stiffness, addi-
tion.: dainping was needud to assure the adequacy
of the design. The component vibration specifi«
cation subjucted the PSM to sinusoidal vibration
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major sections; a seclion contiaining printed
circuit boards and & section containing two
relatively large relay panels, Figure 1, Al-
though adequate stiffnese could readily be pro-
vided for the PC boards, the relay pancls
weighed approximately 3 pounds each and were
designed using . 093 inch aluminwm sheet sup-
ported to the basic box structute on three edges
and including an angle stiffernce in the center of
the panel, The vibration response near the
center of the panel, Figure 2, showed that the
fundammental resosant frequency was adequate,
160 Hertz, but that the dynamic magnification,
40, wae excessive, Studies were subsequently
Initiated to evaluate reiny panel modificxtions
which would provide wcth the desired stilfneas
and damping to the design. Because the design
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is required to be space compatible, the materials
used to provide damping were limited to those
known to be space compatible and required ini-
tial evaluations of their damping characteristics.

The following sections of thia paper de-~
scribe the space compatible materials selected
for evaluation, the method and results of the
damping tests of these materials, and the modifi-
cation of the relay panel to provide both stiffness
and damping. A unique layered material config-
uration resulted which appears to have applica-
tion to many other design problems.

MATERIAL SELECTION

The requirements for a vibration damping
material for use on a spacecraft include space
compatibility, and low weight, as well as high
hysgterc=is in the frequency range of interest,
Space compatibility in the intended application
{inside a - - 10onent) means low outgaseaing under
vacuum, «ne material was exposed to the space
environment directly, resistance to ultraviolet
light ana ionizing radiation would also be a factor,
In addition, of course, the material must mecet
the usual requirements of having adequate mech=
anical and physical properties and be capable of
being satisfactorily processed,

The materials selected for testing came
originally from a list of materials already
approved for use on the spacecraft., They all had
been tested for outgassing rate and found tc be
satisfactory. A polyurecthane conformal coating
and potting compound, Solithane 113-300, Thiokol
Chemical Co., was aclected for test as a typical
space compatible urcthane e¢lastomer, although
it was felt that it was rather more elastic than
wanted. A polyurethane rigid foam that met the
outgassing requirements, Eccofoam FPH, 12 b,/
ft. 3, Emerson & Cummings was tested as a
stiffening and spacer material. A flexible non-
plasticized cpoxy resin developed at GE Space
Systems as a sterilizable conformal coating and
potting compound was chosen for test because it
appeared to have good damping characteristics
to the touch, This material, designated SMRD
100, with some modifications, proved to have the
necessary properties to sovlve the problem, SMRD
100 is a clear amber viscoclastic material that
is used as a conformal coating and potting com-
pound where relief of strains induced by hightemp-
crature cycling is wanted. It offcrs good adhesion
to most substrates like any epoxy and will with-
stand long time exposure to 120°C temperatures,
Two other versions of SMRD 100 were also tested,
SMRD 101 is a clear slightly softer version and
SMRD 100F, which is filled with glass micro-
sphrres (Fccospheres, Emerson & Cummings) to

reduce weight, SMR1D 100F can he made in a wide
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range of hardnesses. The SMRD 100F ma-
terial used for this program has a nominal
hardness of 50 using a Shore A durometer,

It is therefore designated SMRD 100F59. The
nominal properties of the SMRD 10! and SMRD
100F50 are given in Table 1,

The SMRD 100 compounds used for this
program were cast in Teflon coated aluminum
molds in thicknesses ranging from 1/8" to
3/4" thick, The resulting sheets were either
used as cast or, where dimensions were criti-
cal, machined to size on a milling machine
using a fly cutter. The very soft SMRD 100F50
has sticky surfaces when freshly machined so
that without special care and technique, the
cuttings adhere to the surface. Use of a spray
of fluorocarbon solvent on the material lubri-
cates and cools the material making it stiff
allowing normal machining. A hand wash
bottle of fluorocarbon solvent has been found
satisfactory. Although the fluorocarbon sol-
vent is not toxic, adequate ventilation should
be provided to prevent excessive build up of
fumes.

. Sheets of SMRD 100 and SMRD 100F50 can
be bonded to foam, aluminum, or other mater-
ials using epoxy adhesives, for example EPON
828 and TETA, Shell Chemical Co, vor appli-
cations where it is not convenient to use cured
sheets of the compounds, they can be cast in
place. They require a cure time of 24 houra
at 115°C, '

CANTILEVER BEAM ELEMENT TESTS

Cantilever beam clement tests were used
to establish the stiffinessc and damping chavac-
teristics of the various materials and to in-
vestigate several material combinations, The
basic test arrangement followed that of Nashif
(1), but was modifi.d to enable a number of
samples to be tested simultancously. A scries
of cantilever beam elements were mounted to
a shaker and excited using base excitation,
Figure 3, Using the basic relations for exci-
tation of uniform cantilever heam modes
through base excitation, the damping of the
test beam can readily be determined from the
dynamic magnification at the tip of the beam,
The rclation for material loss factor and stiff-
ness can then be determined using the cquations
presented by Nashif (1),

The cantilever beam specimens that were
evaluated are summarized in Table 2. Speci-
men No, 1, a bare . 093" aluminum beam pro-
vided a bascline configuration while Specimen
Numbers 2, 3, 4 and 5 were used for evaluating
material characteristics of contormal coating,
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TABLE |
Physical Properties of SMRD 101 and SMRD 100F50

Property __SMRD 101 SMRD 100F50
Specific Gravity 1.08 12
€ 20 - 24°C
- Hardness, Shore D4§ ASo
Thermal Conductivity : .08

BTU/Hr. /Ft.2/°F/Ft.

Volume Resistivity ! x IO“
Ohn -~ em. Mia,

Dieloctric Constant . 00
@ 1| MHi, Max.

Compressive Stress at .03 ' ’ 45
10% Compression, pel

.093 Aluminum Ream

Material A

Material B

T

n——

" Acerlrrotheter
NOTF.: Beam i 0.6 inches wide.

Fig ) - Cantilever Ream Specimen
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TABLE 2

Cantilever Beam Test Specimen Descriptions

Dimensional Data |
Materials
B
Ba‘e Aluminum Beam N/A
2 Conformal Coating 7 i 0.25 N/A Solithaue 113- § N/A
, 300
L Polyurethane Foam , ? 0.3 N/A Eccotoam I N/A
' FPH-12 ' ‘
‘ Viscoslastic Epoxy | 1 6.2 | N/A |smrD10r [ N/A
5 Viscoelastic Epoxy B 0.2¢ | va |smep N/A
: : 100F50
6 | Viscoelastic Epoxy/Poly- T ] es 0.2% Pulyurethane | SMRD
urethane Foam Laycrsd _ Foam (Eccos }100FSY]
: Fam FPH-12
ot Viscoclastic Epoxy/ Poly- : T .8 0. 2% Polyurethane | SMRD
urethane (One Side Onty) ' : Fyam FPiicie | 100FS
] Viscoelastic Epoxy! Poly- ? 0. 18, 0, 2% Palsurethane ] SMRAD
urvthane Foar: Layered E ) Foath FiH12 {101
9 Vistoolastic Fpory: Polys ¥ TG 4TS | 0128 IPolyurstiane  JSMRD
urvthane Foam layered _ _ ’ ) . Voam TPH.12 104
16 ] Yieroelastic Epoxy Laminate |- <7 0128 | NeA fsamp i RiA
' {Two 093 Al Beams) o - .

6




polyurethane foam, SMRD 101 and SMRD 100F50,
Specimen Numbere 6 through 10 provided com-
parative data for layered configurations using
Polyurethane foam with SMRD 100F50 and SMRD
101 as well as a laminated configuration using
SMRD 101.

The results of these element tests are sum-
marized in Table 3 for various accelerations of
the base of the beam, From the results of the
material evaluation, Specimen Numbers 2 to 5,
it is evident that conformal coating and polyure-
thane foam have little damping although the poly-

urethane foam is effective as a stiffening material,
Although botih SMRD 101 and SMRD 100F50 provide

a much higher damping, SMRD 100F50 is the bet-
ter of the two damping materials,
tain both stiffness and damping, a layered con-
figuration using SMRD 100550 and SMRD 101 in
combination with the polyurethane foam was sel-
ected, Specimen Numbers 6, 8 and 9. Compari-
son of the dynamic magnification factors for
these layered specimens indicates that SMRD
100F50 is the most effective from the standpoint
of damping while the stiffness is not appreciably
affected. In order to arrive at a configuration
adaptable to the relay panel modification, the
layered Polyurethane Foam/SMRD 100F50 speci-
men was modified to a one-sided configuration,
Specimen No. 7. Although there was a loss in
stiffness, the damping was not appreciably  ~
affected. The laminated configuration using
SMRD 101 {Specimen No, 10) did not appear to
provide a significant increase in damping rcla-
tive to the other layered configuration {No. 4),
although it was much stiffer.

In order to ob-

The apparent loss in dumping of the SMRD 101

layered speccimens with an increase in the thick-
ness of the damping layer seems to indicate an
optimum thickness of damping material. Comp-
arison of the dynamic magnification factors of
Specimens No, 8 and 9, indicates that the dyna-
mic magnification was increased from approxi-
mately 7 to approximately 13 when the thickness
of the SMRD 101 was increased from 1/8 inch to
1/4 inch. Although this change could be due to
frequency dependent damping effects, it secems
more likely that the thicker SMRD 101 was suffi-
cient to overpower the foam material so that it
was not strained to the same degree as the thin-
ner material, On the other hand, the SMRD
100F50 is soft compared to the SMRD 101 and
was offectively strained through the {oam layer.

MATERIAL LOSS FACTORS

The material loss factors were determined
for the various matcrials tested to compare with
other available damping materials., Using the
cquation for base excitation of the fundamental
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e i s

cantilever mode of a beam, ¢, the composite
loss factor can be obtained from the sxpress-
ion

)’I:‘Tll’!édm . \ .
‘_ $2 dm V‘T’-_

where the denominator accounts for the in-
phase and qt adrature components of the re-
sponse. Then from Nashif (1), the relative
bending stiffness and material loss factor are
defined by:

1,56
BT

E,l,
Eyl,

Wn u -1
W '3}
In

)zz =)ll+

= bending stiffness of the alum-
inum beam

bending stiffness of the damping
matcrial

resonant frequency of the comp-
osite beam

resonant {requency of the
aluminum beam

loss factor of the damping
material ° et

density per unit length of the
aluminum beam

density per unit length of the
composite beam

E

EL

where Elrl

22 ¢

n

€ £ m

]

In

N

M

1

"

Using these expressions, the loas factors for
the materials were calculated as shown in
Table 4. An additional value for the SMRD
100F50 was determined using the same expres-
sions but considering the foam-aluminum beam
as the basic configuration, Because of the
probable frequency dependency of the damping
characteristics, the frequency at which the loas
factor was determined is also noted. These re-
sults indicate that SMRD 100F50 is by far the
best of the various materials from the stand-
point of dampiny.

The damping properties of SMRD 100F50
are compared to LD400 (1) in Figure 4. 1t
will be noted that only two damping values are
available for SMRD 100F50 to draw the curve,
However, the data indicate that the SMRD
10050 has a loas factor of approximately twice
as high as that of the L.D-400 viscoelastic ma-
terial. On the other hand, the SMRD 100F50 is
more flexible than the LD-400 material as
indica:ed in Figure 5, Both materials exhibit
an increase in stiffness and a reduction in
damping with increasing frequency,



TABLE 3

Summary of Cantilever Beam Vibration Tests

Poly-
Input Bare Conformal urethane SMRD SMRD
Level | Aluminum Coating Foam 101 100F50
fn fn fn J in fn
{G's) Q | (Hz) Q {Hz) Q | (Hs) Q] (Hs)] Q | (He)
0.5 64 46 {100) | 30.5 35 96 12 65 7.21] 35
1.o 39 46 90 32 41 99 13 65 7.2 35
2.0 50 48 82 32 4] 99 14 65 7.2 1 35
5.0 60 | 48 37 | 32 36 |98 14 ] 65 |7.6] 34.5
10.0 .- .- - . ce .- 13 62 .- .-
"Foam/SMRD | Foam SMRD | Foam/SMRD ;
Input Foam/SMRD 100F50 101 101 SMRD 101
Level 100FS0 (one side) (1/4" thick) (1/8" thick) Laminate
fn fn fn fn fn
!G's) Q {Hz) Q (Hz) Q (Hz) Q (Hz) Q {Hz)
0.5 4.8 115 4.8 95 12 125 5.4 100 14. 6 230
.o 4.8 ) 1s - - 14 125 6.6 100 |-- -
2.0 4.8 115 5 95 13 127 6.9 101 17 230
5.0 4.8 115 5.2 93 13 128 7.3 100 16 225
10.0 - .- 5.4 | 90 13 124 7.4 98 | 16 230
TABLE 4
Material Loss Factors
Material Loss Factor Frequency (Hg)
Conformal Coating .005to . 14 32
(Solithane 113-300)
Polyurethane Foam L0148 98
{Fccofoam FPH-12)
SMRD 100F50 . 89 35
. 5% 115
SMRD 101 .15 65
“Determined using the foam-aluminum beam as a reference,
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RELAY PANEL MOLIFICATION

The layered Foam/SMRD 100F50 combina-
tion stiffening and dampening trzatmen$ was
applied to the PSM relay paui i1s. The center
stiffening angle was removed from the panel
Eccofoam FPH, nominal density 1Z lbs/ft> was
cast in place on the inner side of the panels.
Polymethylmethyacrylate blocks were used as re-
movable ingerts to leave spaces in the foam for
the relays which protrude through holes in the
panels. Aluminum angle was clamped zround
the edges to inake a form. The foam was cast
and allowed to rise freely, After curing, the .
foam was machined to the specifizd thickness
and SMRD 100F50 pads were bonded to the sur-
face. Epoxy adhesive Epon 828 was used.. The
SMRD pad was then machined to the correct thick«
ness. Machining was necessary bocause of the
limi.ed space available with resulting cloae tol-
erancez. Cut-outs for the relays were made in
the SMRD pads using =« scalpal.

151
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Dynamic Magnificationas Q

g i 1 | TR W T T |

Vibration tests of the modified relay panel
installed in. the PSM showed that the layured
damping treatment veduced the dysamic magni-
fication by a factor of approxiraately 6, Figuve 6.
The response. in the cenier af the panel was re-
duced from a dynamic magnification of 40 to less
than 7. Similar reductions were also obtain>d for
the high frequency resonance bstween 560 and
1090 Hertz, . The fundamental panel resonance
was increased alightly from 160 Herte to 18¢
Hartyz which was sufficient to remove the reson-
ance {rom the severe vibration environment be-
low 150 Hertz, ;

L [ 1 i S -

100

1000

Frequency {(Hz)

Fig. 6 - Reaponse at Center of ERTS PSM Relay Panel with Foam/SMRD Modification
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CONCLUSIONS

On the basis of the resuita presented in this
paper, the following conclusiona sre made:

1. SMRD 100F50 is an excellent lightweight,
castable, space compatible damping
material, .

2. A layered damping cunfiguration using a
rigid foam to offset the damping material
from the parent shee: metal iy an effective
way tc provide both stiffness and damping,

3. "~ The Iayered configuration provided higher
damping than could be obtained by applying
the damping material directly to the alum--
inum.

4. The layered material peed be applied to only
one side of the basic sheet metal,

5. -There i3 an optimum combination of foam
and damping material. If the damping
material is stiff relative to the foam, a
iarge thickness of damping matezial mav
provide less composite damping than a
"small thicknesa,

6. The Polyurethane/SMRD 100F50 layered
" stiffening~damping treatment was effective in
reducing the dynamic magnifications of the
ERTS PSM relay panel by a factor of approxi-
mately 6, Dynamic magnifications were :
. approximitely 7 to 1 at the center of the relay
panel with the stiffening-damping treatment.
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DISCUSSION

Mr, gstem (Endevco Corporation): You
mention these tests were done mostly at
room tempezature., Do you have any indication
whether these materials will work at the tem-

' . peratures encountered in space applications?

Mr. Stahle: This would be a loss environ-
ment. 1 guess you could bave extremes but in
general I would expect that the material would
behave fairly well at the normal range of tem-
peratures that you would expect to see in the
sound wave. That is a controlled environment.

Mr.. Mixon (Holloman Air Force Base):
What was the welght increase of the panel? You
said it was originally three pounds,

Mr, Stahle: Ido not know. The foam itself
is very light and this material has a specific
gravity of 0.7 and it also had quarter-inch-thick
cut-outs in it, I do not really know exactly what
the final increase was, Most of the three pounds
was the relays and the wiring and I do not think
it was in the damping treatment., '

Mr., Volin (Naval Research Laboratory):
You mentioned that the Q values of a thinner
sample tended to be less than those of a thicker
sample, Could you give any reason for this
behavior?

Mr, Stahle: I can only give you a feeling for
it. If you make the damping layer stiff encugh
so that you cannot carry the strain through the
foam you never strain the damping material,
Therefore some matching of the damping layer
with the foam is needed, and if you make the
damping material too stitf it just is not going
to work.

Mr. Ungar (Bolt Beranek and Newman): I
think that most of the effects that you have found
are entirely predictable. The theory of layered

. damping media has been around for a long time,

If I gather correctly you used some to the theory
to get back at your material properties from a
system test, Is that right?

Mr, Stahle: Yes,

Mr. Ungar: Did you ever measure material
prapmg'{hemselvea and then use them to
predict what the system would do? You only

have two data points on your damping material,
That is very lUmited,

Mr, Stahle: Yes, and as it ture out we
used two different specimens to get those, that
ig true. Iam not really sure that I see your

point,

Mr, Ungar: My whole point is that I think
manﬁ'?ﬁgga!ects that you found by lots of
testing could have been predicted.

Mr. Stahle: When we started we did not

' know what the damping characteristics of the

material were 8o the first thing we had to do
was to establigh these, The next problem, and
I think it i8 not really that predictable, is that
you have to be careful what you are doing when
the two materials are put together, I never saw
the foam-damping material combination before,
Perhaps you have seen it.

Mr. Ungar: There is a theory of so called
space damping which is all worked out in great
detail.

Mr, Stahle: This involves using metal
pieces to offset the damping material,

Mr, Ungar: It does not matter what the
offsetting material is if you know the stiffness.
You can play the entire prediction game. Let
me also point cut that it is not only the loss
factor in the damping material that counts, but
it is the product of the loss factor and the stiff-
ness. Iam not selling Loru 8 material, but if
you multiply the loss factor of the damping
material by its modulus, the LD 400 still comes
out better. Am I wrong?

Mr, Stahle: I think there is one basic prob-
lem with the LD 400. I do not think it is space
compatible, Of course it is not as easy to use
as this material, It can be cast, Incidently this
material comes in a number of different durom-
eters, That is why we put the 50 on the end. 1
am sure you are right that there is some trade-
off which was not really investigated; certainly
some other durometer may uitimately provide
an increased composite loss factor, if you do
not lose a loss factor in making it stiffer.

Mr. Ungar: lamsure its good to have a
mate?[iﬁﬁ?'fs space compatible but I am sure
you also have to do a lot more work before you
can use it,

Mr. Stahle: It is being used on the ERTS,




OPTIMIZATION OF A COMBINED RUZICKA AND SNOWDON
VIBRATION ISOLATION SYSTEM
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It = D‘I'p + 109 Th-

An isolator combining the advantages of optimized Ruzicka
and Snowdon models is presented,
demonstrated to have superior performance properties
as evaluated by a criterion function of the form

This isolator is

INTRODUCTION

The quality of a vibration isola-
tion system is usually described by its
steady state transmissibility propertiea
The criteria for selecting the best
isolator vary with the application.
Often a tradeoff between low transmissgi-
bility at resonance and iow transmissi-
bility in a high frequency range is
involved. This study was motivated by
the well known optimizations performed
on specific pasaive isolator types by
J. Ruzicka (1)* and J. Snowdon (2,3).

Ruzicka discussed the relaxation
isolator shown in Figure 1. He shows
that the transmissibility is given by,

1/2

. L+ ((N+1) 2,8/M)2
(1 - £2)2 4+ Rre (v+1-£2) /)

o VOMENCLATURE,
-~ dimensionless constants as indicated in the Figures or

D,N,U,V,Y,2,,8,¥,40

Optimality in the Ruzicka sense relates
pL and N to realize a maximum response
at the fixed point:

N + 2

Pr® N J___
- 2 (N+1) 2 .

Snowdon discusses the two inertia
system shown in Figure 2. That trans-
miseibility is:

T..[p;*Qz]
R + 82
where,
P=yY -4 £f2p2A 2%,
Q=2£m222 (A +Y),

R= o £f24 - £222 (1 + ¥ 4+
40,2 22 4 ) + Y,

1/2

*Bibliography references,

R

defined in the text

C -
£ a=

viscous damping coefficient
frequency ratio, w/)

I¢ = tranemissibility index

X ~- spring constant

M «- mass to be iscolated

P,Q,R,S -~ transmissibility terms de-
fined in the text

t =« time 1y
T = tranaminuibility,JXMiﬂ

Preceding page blank

transmissibility in the isolation
range, above the highest resonance
resonant or peak transmissibility
W < excitation frequency

Tp - sinusoidal input motion, Xpel¥t
X1.X2.¥X3 -Qgﬁgq‘coordinateu of the fam

121N

Th =

Tp =

A - natural frequency of undamped
P - damping ratio, C/2M)




Figure 1; Ruzicka isolator

and 5 =2 £3, 2% (1 + A + %) +
2f, 22 (A+Y) .

The natural frequency of the
undamped syatem is:

A=7 K/ M ,
where,
22 (144 & = J(14v4=)2 -4 Y= ) /20,

(Introducing 2 in this form normalizes
the response curves so that the lower
resonant frequency occurs near f = 1.}
Snowdon optimality determines the ratio
of inertias, o¢ , that minimizes the
frequency interval between the two
resonant frequencies so as to gain as
large an isclation range as possible.

There,
Hopt =Y -1 ,

Optimum Ruzicka and optimum Snowdon
curves are compared in Figures 3a and
3b. In Figure 3a the two curves have
the same Ty values but the Ruzicka
curve has a lower Tp. 1In Figure 3b
the two curves have equal T, values
but the Snowdon curve has a lower Ty.
Our study combines the two isolator
systems to gain the advantages of each
at resonance and in the isolation rang.
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Figure 2; Snowdon Isolator
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ANALYSIS

The isolator model is shown in
Figure 4: we are interested in
controlling xl/xB .

In the subsequent discussion the
following criterion function was
employed:

It-DTp"'lOgloTho
where the objective is to minimize I
for a given weighting factor D. For
example, in the following discussion
T, is assigned the value of transmissi-
bility at frequency ratio 100, i.e.
=T .
f = 100
For some applications, minimizing T, is
much more important than minimizing Ty
we will classify this type of applica-
tion as a TYPE 1 design criterion. For
example, for the classical isolator
shown in Fiqure 5a, the TYPE | values
of Iy for a value of D = 5 are 5.135,

szaj I
1

VK L‘\EIC i
e

Tz

9

Figure 4; Combined isolator

4.08, and 3.85 corresponding to A of
0.5, 1.0, and 2.0. Since fp = 2.0

gives the lowest value of Iy, it is the
best TYPE 1 curve.

Conversely, applications for which
Th is more important than Ty will be
catcgorized as TYPE 2, Finally, appli-
cations in which T, and Ty are equally
important are referred to as TYPE 3.
In Figure S5b, the p = 0.5 and £ = 1,0
curves are respectively the best TYPE 2
and bast TYPE 3 curves. Table 1 summa=-
rizes the criteria designations and
typical values for the weighting
coefficient D.

Table 1
Criteria Description of Value
Designa~- Design Criteria of D
tion

TYPE ! Minimizing T,, the 5.0
peak transmissibility
is more important

TYPE 2 Minimizing T, the 0.5
high frequency trans-
migwibility is more
important

TYPE 3 T,, and Ty, are 2.0

equally important




where :
P = ~22£2 [N« 442202 (N(B +7 +BY )+
B+Y+8V+ U )] + N (U+v4Uv)

0 = —22%e30 (« N« +a22p 28y ) +
222£p [N (8 +) +U+V+B V4 F U)+ UsV4UV]

= 24£4 ]:N-(+ 422p2 (A +r+B8%)] +
N(U+V+UV) -22£2 [N (U+V+ X +XU) +
4222 (BYN+T +AN+ YN+ rU+AV+A Y,
. and
5 = 226£50. - 224830 [N(B+F+B x4
W) HULVH UK +422028r] 4 2zsz
T [M8 + ¥+ rU+ BVHUV) + UVHLY]

Although a formal seven dimensional
(s, NU,V ,p2 .8 .,r) optimization
study was not performed, the trans-
missibility index I¢ was evaluated

using a digital computer for a wide
range of parameter values, The best
curves obtained uasing 5000 parameter

t combinations for TYPES 1, 2, and 3 are
o shown in Figuree 6a, 6b, and 6¢c; para=-
o meter values for these curves are given
@ in Table 2.
:
O TTT A e v
! ' b
ol i L] ot e
FRIDUENCY RATTO :
tigqure 5h: Response curves of clavsical {solator 1t "'""
The governing equations for the model
in Figure 4 are:
M 0 O X1 X
0 &M © ¥ao| + :
0 0 o %3
ac  -c8 0] [k 5 ;
-8C (A+X)CO| [ X]+ ‘ .
0 0 ¢l (X R
{U +N+1) K -UK  =NK X1
-UK (U+V)K © Xy | =
-NK 0 NK X ™
) [x K X
rc [ + VK [ ﬂ
- 0
We again define )\ = z K / M where ot

Z is now given by 22 5 ((UV+ S+ wU
J U+ e+ U)7 274 & (UHVIUVY ) /20

The transmissibility is: : o . ,

p2 + @? ar S
R2*32 L T I RN R R A |
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Table 2
Fig.TYPE ¢ N U v »~ 8B 7
6a 1 0.1 0 50.0 1.0 1.0 0 2.0
6a 2 0.1 0 20,0 10.0 1.0 0 1.0
] 6a 3 0.1 0 10,0 0.5 1.0 0 1.0
f 6b 1 0.5 0 50.0 3.0 1.0 0 2.0
3 6b 2 0.5 0 90.0 30.0 1.0 0 1.0
6b 3 0.5 0 90.0 10.0 1.0 0 2.0
6c 1 1.0 0 50.0 3.0 1.0 0 2.0
6c 2 1.0 0 30.0 20.0 1.0 0 1.0
6c 3 1.0 0 30.0 5.0 1.0 0 1.8

Note that the best response curves
were obtained with N =2 = 0. Thus the
best performance was gained from the
simplified system of Figqure 7.

For this system:

TRANSMISS [DILITY

22 = (/2 ) [1 40U +aU 4V -
J(14U+ o« U+ & V) #=4 o (U+VHUV)
P - _zzfz “ v "' U+V+UV &
=222, £ (U+V) |,
Rw 2% - 2262 (L4ve=U+V) +
U+V+UV ' and
s=-222 3+ 22268 (U+V) .

FREQUENCY RATIO

Figure 6b: rusponne curves lor combinel isglatnr

The best response curves cbtained in
this study for the simplified isolator
are summarized in table 3,

It can be noted from Table 3 that
for the best TYPE 2 curves, the stiff-
ness of the left spring in Figure 7 is
equal to zero.

0! ;-—-
t ; M -
1 g : ?xl
' w ot 7
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g [ - M ) -ij
(2 . ; "
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.(,-s'L BRI \ — //‘//7 . ._-J
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* POt ROy Rt 4 7 / / P el ;' 7 »"{Iﬁ
Fore fer e e e e ae et Piqure 7: Simplified combined isolator

81




Table 3

o U ' P Ty

0.1 50 1.0 2.0 1,08 1,1
0.2 30 0.3 2.0 1,08 5,5
0.5 10 0.1 2.0 1,16 1.2
1.0 10 0 2.0 1.19 8.2
0.1 3 0 1.0 1i.64 8.3
0.2 3 0 1.0 1.63 4.5
0.5 3 0 1.0 1l.64 2.1
1.0 3 0 1.0 1.75 1.3
0.1 50 5.0 1.0 1.24 2.2
0.2 10 0.5 1.0 1.32 9.6
0.5 9 0.1 2,0 1.17 1.0
1.0 10 0.1 2.0 1.2 7.7

Tables 4, 5, and 6 compare the
response curves of the classical, the
Ruzicka, the Snowdon and the combined
igolator for the three types of design
criteria. For each of the three types,
the combined isolator displays signi-
ficant improvement over both the opti-
mum Ruzicka and the optimum Snowdon
responses.

Table 4; TYPE ! Curve Comparison

ISOLATOR T ™ It

Combined 1.13 1.6 x 10=4 1.84
{x = ,5) :

Combined 1,08 5.5 x 1074 2,17
(K= ,2)

Rugicka 1.25 9.0 x 1074 3,20
(N L 80)

Snowdon 1.46 1.2 x 10=3  4.38
(o= .5)

Classical 1,47 1,0 x 10=2 5,35
{(P=,5)

Table 5; TYPE 2 Curve Comparison

ISOLATOR T ™ Ie

Combined 1.64 2.1 x 10=% <3,86
(.‘- 05)

Combined 1.64 4.3 x 10=%  <3,54
(= ,2)

Snowdon 5.16 4.8 x 105 -1,74
(o= . 5)

Snowdon 5.13 9.6 % 10~5 -1.46
(= w .2)

‘Ruzicka 5.00 1.5 x 1079  «1.32
(N = ,5)

Classical 10.06 1.0 x 10”3 2,03
(,- tOS)
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Curve

Th Type I

x 10'2 TYPE 1 2.41
X 10"4 TYPE 1 2.17
x 10” TYPE 1 1.84
x 103  TypE 1 1.88
x 1073 TYPE 2 -3.26
x 107  TYPE 2 -3.54
" 10'2 TYPE 2 ~3.86
x 107 TYPE 2 -4.01
x 1074 TypE 3 -1.17
x 10°°  TYPE 3 -1.37
x 1004  TyPE 3 -1.64
x 103  TYPE 3 -1.70

Table 6: TYPE 3 Curve Comparison

ISOLATOR Tp T I

Combined 1.17 1.0 x 1074 -1.64
(¢ = .5)

Combined 1.31 1.0 x 10=¢ -1.37
(= ,2)

Ruzicka 2.00 3.0 x 104 0.48
(N = 2,)

Snowdon 2.78 3.0 x 1074 1,04
(¢ = ,5)

Classical 2.28 5.0 x 1073 2.26
(P = .25) .

CONCLUS YONS

This study demonstrates that the
combined isolator model (Figuré 4) can
be synthesized to provide superior
performance compared to the optimized
Ruzicka or Snowdon models. A search of
5000 parameter combinations indicated
that a smaller I, coulu be realired by
appropriate combinations of the two
models. Furthermore, the search re-
vealed that superior performance can
be gained from a model only slightly
more complex than the Ruzicka or Snow-
don models. For example, the isolutor
in Figure 7 performs botter than either
of the two standard models and is
equally practical for certain isoclator
applications, '

The definition of the transmissi-
bility index, ¢, could be expanded,
For some applications it may be more
meaningful to modify the definition of
I, to inciude additionasl factors such
as average transmissibility or the
slope of the curve at high freqQuencies,
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TRANSIENT RESPONSE OF PASSIVE PNEUMATIC ISOLATORS

Gary L. Fox
Barry Oivision of Barry Wright Corporation
Burbank, California

and
Edward Steiner

Barry Divisien of Barry Wright Corporation
Burbank, California

The dynamic charscteristics of pneumatic isolators in their nonlimr]
region of operation has become of recent interest. [n the following
paper, & system of equations are derived for the general nonlinear
case where the volume change is greater than approximately 10X, The
effecis of arifice flow damping {s included, and cosparison between
experimental and theoretical results are presented.

)

INTRGOUCTION

The system to be andlyzed i3 shown in Fig. L
ure 1 as & pendulum type preumatic isolator. A -t
column of compressed gas in the load and dampi o

chambers supports tha attached platform. An ori-

fice plate separates the load chasber from the : . ~
demping chambar. As will be subsequently shown, B G

2 force out of phase with the platform displace- e

ment is produced, due to gas flow from one cham- ) - TN«
ber to the other. The phase difference. results o : i
from an incredse or decrease of gas in the load ' P
chasber due to the flow. The net effect of this R
force i3 observed as damping. 1f the relative - L

volume change in the load chasher it large, non- - o
linearities introduced by pressure change and - " 3
fluid flow rate cennot be fgnored, A large . v
volune change for the tsolator shown would be’ : )

from 1 to 8 fnches reletiva displacement between : . .
the cetling end platform. This type of excits- : ) . N o

thia ek

“tion could be from an esrthquike or nruclesr - ' T

qround shock.

Some qualttative characteristicy of the : ' caaye
isolator may he deduced from 3 linear analysis ) 7
{1]. Az the orifice varies in ares from O to
the largest suxtwum ares, t.e., the orifice
plate ares, the “frequency™® of vibration : N | -~
{ncreases monotonicslly from one valur to ano- :

ther. One would also expect o particular orifice .

to qive the masitemum demping, this maxieyus value - . N .
increasing with the demping volume 15 load vol- :

ue ratio. The above expectations are substan- . o
tisted by theory and test results alile, §f the ! s
systea parsmeters and excitation time history : : ‘
sre botn held constant.

* Since the motion s not truely periodic, the
tere  frequency 14 somewhat incorrect, bdut HGU’; !
oroves to be & useful concept. Pendulun Preunatic Jsolator
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ANALYSIS

If the pressure in the load chamber is
taken as Py, summing the forces on the mass
ylelds

m¥ = PA - mg (1)

The value for A is approximately the area
of the orifice plate and X(t) describes its posi-
tion vs. time, Referring to Figure 2, X(t) also
describes the motion of the platform.

For an ideal gas, undergoing an isentropic
process, the relation between the flow rate,
rﬁssure. and volume of a chamber is gfven by
1
d (2)
dt

The volume of the damping chamber is con-
The volume of the load chamber is given

n= %7 (r %E Ve gf P)

stant
by

Vg =V +A(U-X) {3)

Where U (t) is some prescribed motion of the
ceiling and V, is the volume of the damping
chamber when ?he system is in equilibrium,

-

u()
CEILING
FF Tz 7 ’
'  x(n
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r y
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FIGURE 2

[solator Schematic
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Variable Definitions

Mass of Platform
Acceleration Due to Gravity
Load Area

Pressure

Moles of Gas

Volume

Absolute Displacement, Velocity,
Acceleration of the Platform

Absolute Displacement, Velocity
of the Ground

épecific Heat Ratios of an Ideal
as

Gas Density
Orifice Area
Universal Gas Constant
Temperature, Absolute

Damping Volume to Load Volume
Ratio

Subscripts

Variable Value in Load Chamber

Variable Value in Damping
Chamber

Equilibrium Value of Variable

Variable Value in Either
Chamber Where Py > P,

Derivative with Respect to
Time

Application of Equation (2) to the damping
chamber produces,

d =" d (4)
& " hpE g’

and to the load chamber,
d o , M- K) " dp (5)
F S Ay | (e (IS

Since the orffice fs thin, the same amount
of gas enters one chamber that leaves the other.



Mathematically,

dﬂD . dﬂL

T (6)

For the orifice of area S, under consider-
ation, frictionless adiabatic flow appears
acceptable. Letting Gy be tha mass per mole of
Eh§ gas, the governing equation for the flow is

2].

dn; S
dn qz [z Py ay () J(PZ/P])]
dt

(7)
where
Py 2/k P2 k +1
JPyp) = (2 - () TR (8)

P Py

and qy and g, are the gas densitfes at Py and P
such that P 2is greater than Pp. Equatilns (7)2
and (8) app‘y provided the pressure ratio is
greater than .53* This condition was met for
all test cases.

The direction of mass flow can be written
as

Poh

Py - Pl
This gives a negative flow from the load chamber

if Py is greater than Pp and positive if Pp is
greater than Pi.

=41

At equilibrium, let the total number of
moles be n, at pressure P, and temperature To-
From the equation of state

= P (Vo + /D) / RT (9)

The densities can be calculated in terms of n
and o to be

.M Gim
UV TRUY) (10)

- n
qD :VCB%ET-LJ—W qh

If we set Y = dX' a system of first order dif-
at
farential eouations can be written as tollows:

g% - pF"f. - g (11a)
m

*For air where k = 1.4
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dX
iy (1)
4P Pox 9

T Tng - np) @t (11¢c)

01:}
EE

= (£1)q SJZ P,o,(;—'f—,—)J(Pz/Px)

(1d)
d PL PLk dﬂL - nL A(a - i) (]‘e)
& " Vo * KU-T)

Solution of the preceeding coupled differ-
ential equations were obtained by utilizing a
Runge-Cutta Fourth Order Integration Scheme.

The integration increment was reduced until the
solution converged. This is about 1.5 milli-
seconds in most cases, although for larger ori-
fice sizes, area ratios above .05, required
about an 0.1 millsecond interval for conve. ;ance.
The excitation motion was taken in the dc- - ird
(positive) direction as {1lustrated in Fiouce 3.

Displacement

0

-0

0 0.1 Time (Sec)
FIGURE 3
Excitation Time History

The excitation can be defined mathematically by
0t o0 seson
U (t) '{.m et 0 (12)

where U is a constant velocity. This closely
resembled the test excitation.

Before proceeding to test results, it {is
possible to discuss further the damping mechan-
ism, using the results of the preceeding analy-
sis.

Figure 4a shows pressure and platform dis-
piacement vs, time for an undamped system,
Since pressure {s directly proportional to the
applied force, the displacemen’. and force are
seen to be 1n phase., Looking now 2t Figure 4d,
the same system and input is used as in Figure
43, except that an orifice for maximum damping
is used. The effect of the difference in phase

Ll e
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FIGURE 4
Comparison of Damped and Undamped Isolators
of the force ard displacement is now apparent COMPARISON WITH TEST RESULTS
Figure 4b is- used m]SO to define some -use- ' . i -
ful terms. Since frequency and damping vary : A photograph of the instrumeritation is
with displacement, a unique position on the time .  shown in Figure 5.  The displacement. {nput is -

- history record must be selected tr make the lin- achieved by releasing the pendant, whose mass
ear temiinology meaningful. As the displacement " is approximately one tenth of the supported mass.
approaches zer2, the damping approaches zero and This rasults in approximately a 10 G acceleration
the fraquency approaches that associated with a of the pendant due to the pressure in the load
large orifice. This Is expected, since for very .chamber. As-the load chamber oxpands, the pen-
“low flow, the orifice cffers relatively little - dant 1s forced downward until its motion is
restriction. Figure 4b shows this trend by a arrested by a deceleration mechanism when the
smaller phase angle at the 1ower displacements. required displacement is achieved.

* Tests were conducted using 12 different
orifice to load area ratios. For each area .ratfo
there were four volume ratios, Vp/V| = N, tested.
The percent volume change of the load chamber

for ihe different N's are shown in Table 7, -
Reprodnced from B
b:Z available copy.
2.20 34 2 In,
1.64 51 4 In.
1.30 61 6 In,
1.08 67 8 In,
Volume Ratio % Volume Displacement
N Change Input
TABLE 1

The displacement and acceleration time his-
tories were recorded on an X-Y plotter. The
system frequency was low encugh that a plot
could be in recorded in real time.

FIGURE 5 A comparison of measured and calculated
peak accelerations are presented in Figure 6
Photo of Test Equipment Note that thé acceleration décreases for larger

N. This s due not only to increased damping,
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Peak Acceleration Vs. Area Ratio

but also to a smaller displacement excitation.
Figures 7 and 8 compare the freauency and damp-
ing. A1l three figures use a common abscissa,
the orifice arca to 1oad area ratio, S/A. A
close correlation between test and theory can be
noted in these figures, especially 6 and 7. The
ordinate of Figure 8 is the damping ratio cal-
culated from the linear system analogy by

-1/2
(13)

where X1 and X are as defined in Figure d4b.

The authors fe?t reasonably Justified in adding
2% critical damping to the calculations after
analyzing the time history response of an undam-
ped isolator. Amplitude ratios of the first
four peaks showed that the decay was nearly
exponential, If .02 1s subtracted from these
curves, the values will correspond to an equiva-
lent system with no viscous damping. The addi-
tion of this damping force lowered the calculat-
ed system frequency by about 1% and the peak
G-level by about 0%. Of course, actual friction
forcas could not be easily calculated or measur-
ed, although the effect is apparent as increased
damping. Since the maximum dampin? apgears at
the expected area ratio, it seems likely the
discrepancy between measured and calculated
values is due to friction.
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A comparison of how peak acceleration,
freauency, and damping interact as the area
ratic varies, ic shown in Figure 9. The initial
drop in peak acceleration is due to toth the
increase in damping and lower system frequency,
the frequency effect dominating until it becomes
constant. The slight rise in peak acceleration
after the frequercy levels out , is due to the
lowering in damping as the orifice to load area
ratic increases.

_ PEAK ACCELERATION N

Nwi30

| _FREQUENCY

?UAMPING RATIO & /

LA. bodls el
FIGURE 9

Comparison of Response Characteristics
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Response Comparison for Different Weights

An {deal property that these pneumatic 1so-
lators possess is their dynamic aquivalence with
different supported weights. An indication of
this equivalence can be seen in equation (11a).
As long as the ratio P, A/m remains constant,
the system will exhibi& identical characteris-
tics. This prediction is borne out by experi-
ment, Figure 10 shows displacement-time histo-
ries of the same isolator supporting 3600 and
1800 pounds, corresponding to an equilibrium
pressure of 300 and 150 psi respectively,

o

3,600 Pounds | 12 In.2 1.3 .0014 .204 .84 .40
20,000 Pounds | 66.6 In.2 | 1.4 .0012 .213 .85 .39
Supported Load Volume Area Damping System Peak
Weight Area Ratio Ratio S/A Ratio Frequency G
TABLE II
Comparison of Different Load Areas
a- ' T oo The s1ight differences in response is due
a T o only to friction effects, the same ‘riction
force being more apparent with the lighter
2 - weight system, This implies that when a mass is
~ leveled by adjusting the pressures in the vari-
Z //::Q\\ ous isolators, the system will automatically be
of -—— decoupled along the isolator axis.
5 o ="

: Similar dynamic characteristics may also be
] - obtained with totally different isolators, pro-
P viding their physical parameters are similar.

2 Comparison of the response of two isolators with
4 - different support area can be sa2en in Table II.

5 The excitation displacement in both cases was 8

a / inches, resulting in a 60% volume change in the
6% | - load chamber.
°J . . TiMe (sec) L L] REFERENCES

0 1.0 20 30

FIGURE 10
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EXPERIMENTAL DETERMINATION OF STRUCTURAL AND STILL
WATER DAMPING AND VIRTUAL MASS OF CONTROL SURFACES

: by
f Ralph C. Leibowitz and Arthur Kilcullen

Naval Ship Research and Development Center
Washington, D.C.

An experiment has been desizned for determining the damping constants
and virtual mass for the control surface systems of USS ALBACORE (AGSS
569) and USS SAMPSON (DDG 10); theoretical methods for determining the
virtual inertias (includiug virtual mass) of these control surfaces

are alvo given., The theoretical foundation for the experimental design
and the procedure for analyzing the experimentsl data to obtain the

flutter analysis,

parameters are described, These damping and inertial parameters are
esgsential to the Yegtornnnce of a hull-control surface vibration and/or

INTRODUCTION

The solution for the vibrations and
flutter characteristica of a combined hull-
control surfsce system can be obtained L{f the
physical and hydroelastic parameters in the
equations of motion represcoting the systewm
are ovalusted; the theory underiying the
derivation of thowe equations has been shown
to havo some degree of verification.,d The
method of evaluation of physical (mess-clastic)
parampters Assoclated with equations of motion
of the bull alone is glven in Refvrence 3, The
method of avaluaiion af certuin hydrovlastic
parametoery for the control surface (vege,
vidder and/or diviog plane) is given in refoers
ence 2,

The primacy objuctive of this report {s to
add to the method of svaluation of the control

surface paramoters by describiag oxperimentally

baged methods for computing damping constants
and virtual mass for the control surtsce, In
addition, cortain cquations are presvnted for
caleulating the victunt tncreiss (fncluding
virtual wass) by theory alone, The entire
procedurn {3 dvmonstreted for the case of two
ships, USS ALBACORE (AGES 569) and LSS SAMISON
(00G 16},

SUMMARY OF KESULTS

Equat{ony and other identifying material

for the oxperimental deteesinstion of cortrol

surface™ and hull wot irns, the logurithaic

decrement and damping for these motions, the
virtual mass and virtual mass moments of {nertia
of the contrel surface about axes through its
canter of mass are given {n Table 1, These
motions are duc to an impulsive load acting on
the control surface. The equstions developed
are applicable for motion associated with s
single frequency; thus, vach modal frequency of
3 compluy motion is treated fn turn, Extension
te geveral supevpored modes 18 discussed (n the
text,

DESCRIPTION OF RUDDER-STOCK-HULL SYSTEM

The reprosentation of a rudder-stock-hul}
system? aad its motlons ts based on the
fullowing assumptions:

te The rudder (s considered to be a
rigld body attachod to & flexidble stock, which,
in turn, (s attached to & flexible hnll, The
point of attachment of the ruddur to the stock
will be diffcront for vach rudder system, la
this report Lt will be assumed 1o be tocated at
the top ol the rudder, (For the whips tusted
here, the stovks were vwelded into the control
sutfaces such that ¢he portion of the stock
within the surtace moves rigidly with the
surface),

2. Of the six possible mwutivue ol the
rudder assoclated vith a symmwtrical rigld
rudder=flexiole stovk system, only threw

* The control surfaces consfdored here are tudders and stera plancs,

t Stern plancehull systems avv similarly treated,

Preceding page blank
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contribute significantly to the total coupled
athwartship motion, These are the rotationsy
and a about the z- and x-axes and the trans-
lation v along the y-axis respectively (see
Figure 1).

5+ Small vibration theory is appli-
cable, i.e,, the system is linear for small
angular and translationaj displacements.

4, The combined still water and
structural damping force is proportional to
the velocity of the¢ rudder, i.e,, viscous
damping is assumed,

THEORETICAL ARALYSIS

The -analysis underlying the derivation ¢f
the equations in Table 1 is described in this
section,

Figures 1 and 2 are schematic diagraas of
the instrumentation of the rudder-stock-hull
system, The d,'s in thase flgures veprosents
the ‘displacements of the system at the points
indicsted when the rudder-stock-hull syatem is
set into free vibration by an impulsive loading
on the rudder. Kinematic relationships between
the dispiacements d, and the corresponding
components for rotational azd translational
motions v, a, and v about the z- and x-sxes
respectively and along the y-axis, are derived
{n Appendix A, The resulting equirions (1)
through (3b) arc summavized in Table 1.

The preceding analysis for the ruddur
vibration includes the contributions.of the
hull motion for during a vibration of the
ent{re rudder-hull system, the flexible hull-
aleo translatus and rotates aleng the y~ wid
about the x- and z-axes, vespectively, lisoce,
the huil's motional contribution must.be sub-
tractud from the rvcorded rudder motions in
order to determine the motions of the rudder
relative to the hull; this 8 equivalent fo
finding the motions of the rudder system

(ruddec and ofloctive length of stock) sttached

to & rigid hull, The hull motions arc cone
sldored to be applied to the rudder stock at
the cffoctive points of avtachment of rudder
stock to hull. These points of attschment for
bending and torslon of the rudder stock which
poemit us to compute corresponding effective
lengths of the stock are determined from the
recorded data by extrapolation and interpola-
tion mithods as oxplained in Appendix 8,

The wffects of motions of the tifler and
steering systom upon the total recorded wotion
of the rudder have not been lncluded {n this

analysis, 1In some problems, these effects may
be significant enough to require an extended
treatment of the analysis presented here, The
methods basic to this extension will be similar
to those given in the test; the detailed pro-
cedure will depend upon the particular applica-
tion, l.e,, the particular hull-rudder system.

Equaiions (4) -~ (6b) of Table 1, which are
derived in Appendix C, define the logarithmic
decrements of the 7, a, and v motions corre-
sponding to the transient displacements of the
rudder system including the contributions of
the hull motions,* Similarly, Equation (7) is
the decrement for the coupled v, a, v motions,t
The corresponding decrements for the motions of
the rudder relative tc the hull gre given by
Equations (10) ~ (12) using Equations (8) and
(9) and the procedure giver in Appendix B for
obtaining 7y, see Appendix C. Equatien (13),
also drived {n Appendix C, defines the modal
decrement of the rudder motions relative to
the hull, '

The methed for determining the zevo speed
damping parameters of the rudder aad the
velationghip betwsen thege parameters and the
logaritimic decrements ¢f the vudder is now
treated (see Appendix D).

Page 78 of Ruference ! gives the severai
damping paramctess asssciated with motions ¥
and & and ¥ of the rudder. Of these several
patameters, only the parameters € and ¢
associated with rudder transiation athwartship
(along y-) and rudder rotstion about an axis
parallel to the stock (about z=) have been con~
ai{dered as significant and gre therefure the
only onus included in the cquition of motion
(62a, b) of Refetence 1, which are the basts
for determinivg the damping pavameter valuos
hove,

Since we are cousidering the damping of

“the system in still water, terms containing 8

{ship apred) in Squations (628, b) are equated
to 2erv. Alse,-since damping in the @ degree
of frevdom will be assumed to bo negligible,

_Equation (62c) is omittcd from the dlscusston,

Equations (62a. b} may be waed dircetly to
obtaly {4t sero spuved) the pavamctors € and ¢

fo torme of the vartadles v, 6, v, Ty Sp ¥
ad cortain grometrical and physical parametuvrs.

The vaciables are obtained (rom the test
records and the constants s&re determined by
the wcthods of Reterence 2 and/or from seasure«

< m Wa, 1 may tuen put that when variabdles

obtained (rom vne portion of the rocords are
inserted into these cquations, the calculated

* The logarithaic decremont corresponds Lo a single wode of vidbration (l.e., decaylug sinusoidal
oscillation)s Conslderation for several superposed modes is discussed (n the toxt. To obtain
vach doccoment, we 1ook at the wotion in one degree of (reedom at & time, tgnoring the motfons

tn the other two degtees of frocedom,

T Moere the logarithaic decrement ts for one mode of vibration of the rudder system tncluding tie
vorlif{bs "ons of the wotions v @, vnd v in the theee dresrane af frecdom,




values of C and ¢ are different from those
corresponding to the variables obtained from
another portion of the record, This indicates
that C«C(t) and c=c (t), If the variation is
small, then C &and c may be sensibly considered
to be constant for convenience, If the record
shows that the modes are discrete at different
times, then each mode may in turn be treated
as predominant over the pertinent time interval
and substitution of the variables will show if
C and ¢ vary with the mode (or frequency), i.e,,
whether C=C(w), c=c{w), Appendix D gives the
derivation of the resulting Equations (14) and
(15) which are based upon Equations (62a, b)

of Reference 1, In these equations,

- 5 = -2’; = g—c- = -f:-: (see Reference Jwhere & is the
logarithmic decrement of the waveform, # {s the real

part of A indicating the degree of damping,and
wis the imaginary part of X which is the

circular frequency of vibration; L.e.,A sp+jus
§, w(and hence ) are directly obtainable from
the waveform on a given record for a particular
wode of vibration, C. and ¢, ave critical
damping constants for the translational and
votational degrees of freedom, respectively,

If all modes, or two of the three modes,
persist simultaneously, then each mode may be
filterad in turn from & taped signal and an
oscillogram of the filtered mode signal can be
obtained, Thus postulating that v(t) wmay oe
represonted by:

)\‘t

v(t) = g: vie
{=)

where

l‘ .- u J”t { »1,23
Then Lf the l"’ wmode pridominates for a partic~

ular period of time or is filtered out of the
taped signal, the equation for v(t) becomss

W) = v e M tw1,2,)

{
for the corresponding signal and similarly Cor
the variables 7, a, v, 7, &y {sce Appondix D),

gquations (62a, b) of Reference 1 may be
solved to obtain C/C_ or & « -g by the anslytic
procedures of Reference 3,* {s value may be
compared with C/C_ or c/c, « o obtained from
the measurewents Srucrlbns abl8le and (n
Appendix C, Close sgroement wuld indicate
that the computation for C/C. and ¢'c_ from
experimental date as prmnﬁu here 1o valtd,
It should be noted that for a particular mode,
the decay vatio for translational motion v
alone 46 the same ss that for rotationsl sotinn

7 alone or a alone and is also the sume as that
for the total displacement (at any point on the
rudder) consisting of contributions of the
coupled motions 7, a4, and v,

When more than one mode is present simul-
tancously, each contributes to the v (or a )
motion., The motion in each degree of freedom
way then be considered to be the sum of sinu-
soids with frequencies corresponding to the
modes present, Note that the phase relation-
ships are also included in the equations.

Thus in general

3 .t
v(t) =Z e ¥t (v1 I“"wtt + v
»

cos "’Lt)
inl

1,2
N

vb(t)-?::le L (Vi,bl'mwit + V) pgCO8 W)
3 at

C(t)-&e i (“i,l_“nwit vay 9 cos “10

with similar expressions for 8hs ¥y Tye The
equations for these variables and thelr deriva-
tives may then be substituted into Equation
{62a, b) .and C, and ¢, found in & manner
similar to th& given above for { « 1 or 2 or
3 only. The resulting cquations which are
more compiex will not be given here but can be
ocasily obtained,

The mass and flexibility »f the rudder can
be calaulated vaing the methods of References &4 or
5. Extension of tho damping computation to
include certain damping constants omitted in
deriving Equatton (62) of Reference 1 cam be
performed using the mothods of Reference 6,

TEST PROCEDURE

The computation of the perameters ¢, C, £,
C/C., ete, requires that cxperimental data be
obtained for tnsertion into the cquations of
Table 1, This scction describes the test pro-
cedure for obtaining such dats,

Figures 1 and 2 show the schematic diagramg
of the rudder, rudder stock, and hutl with
accelerometers at locations d, which are direct- -
#d norsal to the vertical ccn}erpum‘l of the
rudder-stock and hull. Care must be taken to
tocate (l,e,, compute prior to testing) the
exact center of mass? of the rudder tn ovder
to accurately determing the rotational and
translational components of the total ecstured
motion of the rudder,

The ruddoc-hull system vas set into free

*  Details of the method of sciution of the decay ratio (:/(Zc and spplication to actusl prodlems

are given in this referente,
t  see Lostrute oo Apprvdin A,




vibration by Llmpulsive excitation of the
rudder, The excitation was produced by a snub-
nosed ram capable of creating an impulsive load
of large magnitude with durattion sufficient to
vxcite the lower modes of vibration, Excita-
tions arcv produced at different locations on
the rudder In order to agitate all (lower)
modes of interest.

The vibratory reponses picked up by the
accelerometers are converted into electrical
signals which are then amplified and recorded
onto magnetic tap. cuv cscillograph charts,
Figures 3a and 3b are block diagrams of the
recording systems used in ALBACORE and SAMPSON
tests, respectively,

In general, such tests are to be performed
in air and in water,

RESULTS

The results of analyzing the data obtained
from zero speed tests in drydock flooded and
unflooded on ALBACORE and SAMPSON are shown in
Table 2, The methods of data analysis yielding
these resulrs are now discussed,

ALBACORE RESULTS

A typical trace taken from ALBACORE
records is shown in Figure 4, Analysis was
made for the 20-cps stern plane vibrations (in
air), for the 24,5-cps rudder vibration (in
air), and for the 13-cps rudder vibration (in
water); these are the predominant frequencies,
No measurements were made on the submerged
stern planes, :

Since no hull motions were recorded for
which 7y, @y, and vy could be determined,
computations for §_, 6a, and 6v only were made
using Equations (67, (5), (ha), and (6b) of
Table 1., FEquation (/) wias uscd to compute
dmodal for cach gage; these valuvs were
averaged to glve one value of amodal for the
entire system, {.,e., one value for the rudder
system and one for the stern plane system,

The records were aralyzed by fairing a
curve through the peak amplitudes of the
oscillograms and by measuring peak amplitudes
at the same instant of time of all traces
obtained from a particular impulsive excita-
tion,* The faired curves represent the
cnvelope of o decaying sinusoidal wave. Values
of ¥, @, and v for scveral peak amplitudes of
the trace were obtained by substituting the
measured values of d1 corresponding to fixed
times into Equations (1) - (3b), Ratfos of
the successive values of ¥, a, and v were
formed, and the logarithmic decrements for
these ratios were computed, Approximately 10
to 15 values for the decrement of 7y, a, and v

were averaged to yleld 8., b,, and b, from a
single record (i.e., single excitation),

Since the rudder and stern plane stocks
were not accessible for {nstrumentation during
the tests, the cEfective lengths of stock, £
and Zp could not be computed. Also, values for
the hull motions Ypsr @y and vy, required for
the computation of C and ¢ by Equations (14) and
{15), were nnt available, However, since phaser
angles betwecen corvesponding rudder and hull
motions (e.g., between v and v, , etc.) were
observed to be immeasurably small, the terms
with subscript 2 (e.g., Gy @y sy €tc) In the
right members of these equations may be
ignored, thereby reducing the equations to the
simpler forms of Equations (16) and (17).
Equation (16) is independent of Tps Gy and vy
as is Equation (17) also if we assume y,, = 0
for convenience of calculation, Under these
conditions, damping values C and ¢ in air and
in water were computed (see Table 2). 1In com-
puting the damping values C and ¢, average
values of the decrements 8 = (8 ),y and
6.7 "67)ave are used,

Victual mass and mass moments of inertia
were computed for the rudder using Equations
(18) - (21) (see Table 1) and are tabulated in
Table 2, Similar results were not obtained for
the stern plane since they were tested in air

only.
SAMPSON RESULTS

Analyses were made on the two most read-
able records from the SAMPSON trials.’? Both

" of these were for in-water trials., In-air

testing of the SAMPSON rudder provided no
usable data since the lower modes of vibration
were not excited sufficiently, Hence no com-
putations were made for virtual mass or virtual
mass moments of inertia using Equation (18)
which requlres in-air frequency data, The
total mass of the rudder in translation was
obtained by adding the virtual mass computed

by Equation (19) to the structural mass,

Plots were made of the total displacement
of each gage from both records and are shown
in Figure 5, The figure shows that there is
no significant rotation of the SAMPSON rudder
because all displacements appear to have the
same amplitude, As a result, the total motion
measured by cach gage was not separated into
its v, a, and v components,

Further, since the hull displacements were
nearly cqual to the values of the rudder dis-
placements, hull contributions to the total
rccorded mot ion were not extracted, The
analysis thus consis.ed of determining the
logarithmic decrement from each gage for both

runs, This amounts to determining amodal for

*  The preak amplitudes could be measured simultaneously because phase shifits on the rudder were

found to be negligible,



each gage. The results of the analysis for the
predominant frequency of 2,18-cps are presented
in Table 2,

DISCUSSION

Table 2 shows _hat the procedure developed
for computing the logarithmic decrements yields
results which do not vary widely. It, there-
fore, provides reasonable (i.e., order of
magnitude) estimates for the decrements and
corresponding damping values for the control
surfaces useful for ship vibration and flutter
analysis, A similar statement may be made for
computation of the virtual mass (see Table 2d),

Sirce the rudder is attached through a
flexible stock to a flexible hull, the
frequencies in Equation (18) will depend on the
mass-elastic properties of the hull as well as
on the properties of the rudder-stock system,
Apart Srom hull effects, the frequency data
used in Equation (18) correspond to the
(meacured) coupled v, @, ¥ motions of the
rudder whereas strict application of Equation
(18) requires that frequency data associated
with uncoupled cantilevered motions be used
(oce Appendix E), Nevertheless, transgression
of this rigorous application of Equation (18)
incyrred only a 10 percent deviation from the
average of the results obtained by use of
Equations (18) and {19); (see Table 2d),

{n general, fluctusations in the resulcs
may be lavgely atteibuted to difficulty in
reading rocords accurately duc to a variety
of causes,

For SAMPSON cata, an attumpt was oade to
filter the frequenclos of tutervst from the
total vevorded signal becauss 5o many
frequonc los wers excited, Flgares 6a, b are
typical traces of SAMPSOMN records, Flgure Ga
shows the total recovdiod response of & given
Rege and Figure 6b shows the filtervd ruiponse;
the conter froguency of the filter Ls 2.18-cps,
Note that prior to tiee t_, the palnt in time
when the ruddee ia Lepuls{vely excited, &
sigonl of the same fregquency, 2.18-cps, occurs
{n the trace, This signal apparent!y perstuts
after lmpact and {n superposed upen the decay
varve, The soutce af this signal {8 uncertaing,

We satmise that the predominant signals
with the froquency of 2, 18-cps varrsspond to
hotizontal bending vibraiion of the hull for-
the (ollowing reaschs. The displacements of
the vudder and stock sand hall are all approxi-
mately cqual, The hull gage at Locstion
(Figure 1) which ts approximately 93 ln, for-
ward of the tudder 2teek ronoided approximatetly
the same responis as the ruddet stock gages,
Moteover, the 2,18+cps fregquency (e well within
the reglon of lateral vl}rathn of ships,
particularly destroyers,” vheteas the Tunda-
sental measured [reqiencies of some olher 9.0
rudder systems {s (n the ceglon of eB-cps, '
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It should be noted that the fundamental
frequency observed for ALBACORE is considcrably
higher,

Future simplification of data analysis
should take advantage of the fact that any
decrement §, can be determined: (1) graphi-
cally from oscillographic or magnetically taped
records of the signals dl(t), d,(t), etc., or
by (2) devising electrical circiitry to record
the values of the decrements directly either
as soon as the signals are measured or in the
laboratory using tape stored signal data,

CONCLUSIONS

Based on the foregoing analysis and test
results, the following conclusions have been
reached: .

1. It appears likely that reliable
results for damping coefficients and inertial
parameters for control surfaces can be obtained
using the methods presented here,

2, Use of modal analysis equipment
(filters) which gives the frequency, logarithmic
docrement, and damping for cach mode and the
relative phase between any two vibratory dis-
placements at differont points on a structure,
for a particular mode, {s vital for the rrlcll-
cal application of the present analysis,l1°14

3. The test procedure must be
improved. Impulsive toading should by con-
trolled so that all significant mode!
frequencies of the control surfacces are vacited
(sew DISCUSSIOR). Extraneous nolse and vibra-
tion effects on the racorded data must be
tliminated or winimized by controlling tue
source of thr troubiv and/or {mproving the
instrumentation,

RECOMMENDATIONS

s Further tests on control surfaces of
surtace chips, submarines, hydrocrafts, wtco,,
should e conducied in acvcordance with the
procedure progented here to obtaln realistic
damping and fnertial paramciors for these
suriaces. :

2, The anslysis should be cxtended to
(o tude the mass-clastic effectis of tilter
connect bons, links, and other «lecring gear
machinery on the vibrativhal response of the
systom,

1. Analysis engpnmné should be developed
¢t purchissed in order 1o ovtaln the deslired
rtesuits {rom. the tecorded dsta,
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APPENDLX A

DEVELOPMENT OF EQUATIONS FOR DETERMINATION OF
RUDDER MOTIONS v, a, v

Figure 1 ls a diagram of the gage layout or
on the rudder, The gages are placed along x-,

z-axes whose origin is at the center of mass . v o= KS (dk+K6d8) ‘A=3b}
of the rudder,* Thus, Xy s the distance

between the center of mass and Gage &4 which

measures displacement dﬁ. It is assumed that where

no @ contribution to the total measured motion

of a gage cxists on the horizontal axis K = 22

(x~axis) through the center of mass. Likewise, 3 z, + 2z,

no y contribution to the total measured motion

of a gage exists on the vertical axis (z-axls)

through the center of mass, Only motions {(n

the 7, a, and v degrees of freedom contribute Ka = zl/z2
significantly to the total coupled athwartship

motion of the rudder, Referring to Figure 1,

X
dy =V + X7 Ks - = +2x
1 2
d8 =V XY
from which K6 = “1’”2
1
Y R+ x (da ,68) 2 Kl(qé dB) (a-1]
1 2
where K, - 1 = constant
1 X, + X
1 2
likewise d2 =V - zla
o _ 1 i
from which a = (d6 dz)
1 2
= K2 (d6 - dz) (A-2]
where K = 1 = constant
2 z1 vz,

From the cquations lcading to [A-1] and [A-2}
we have

v = x3 (d2 + Kada) {A-3a])

* Prior to the conduction of the test, the centers of mass of the rudder in air and in water must
be computed. The center of mass in water is computed to be the center of mass of the combined
rudder-rudder stock system inciuding the virtual mass which is approximated by the volume of
water contained in an cllipsoidal cylinder of revolution taken about a rudder axis (sece
Refercence 4, page 12}, The virtual mass computed in accordance with thc method of this
reference (Equation (19), Table 1) may be compared with the experimental value determined
from the data by use of Equation (18), Table 1.
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APPENDIX B

DETERMINATION OF EFFECTIVE LENGTHS OF CONTROL
SURFACE STOCK

Assume 1 set of cartesian coordinate axes
(x' -, y' -, z' =) with the origin 0' at the
pcint of attachment of the control surface to
the stock (usually at the top of the control
surface) such that the z'-axis runs through
the center of the control surface stock (see
Figure 7); note z'= z-b and x'=x-h., For
simplicity, we will call our control surface a
rudder, All equations and statements apply
equally well to stern planes.

Referring to Figure 8, define (dV'a)7-ll
as the displacement of the stock between
Gage Positions 7 and 11 due to the a ard v
motions of the stock, Also, let Y741 be the
v rotation of the stock between Gage }osttions
7 and 11, Ther,

d, =(d ) {B-1}

7Y% -11 Y ¥ Y-

41124, 02711 “*11 Y7-11 {8-2]

From [B-1] and [B-2], noting that x; = X},
we have

Yoo = Ky - 4 (8-3]
1 1
whero K,z < = o— = constant
7 2x7 2xll

Similarly d12=(dv’a)w_:2 + %Xy 710-12 {B-4]}
4107y 2 10-12 * %10 710-12 (B3
from which (since %10 * x12)s
Y10-12 = Kg (g "9y (B-6]
KB = E;l- Tt constant
10 12

From Equations [B-1], {B-2], {B-4}, und [B-5]
we obtain

1 [ Be
@, 000y = 7 Gy iB-7]

1 1B
€, a)10-12 - 2 Yyt (B-8]
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From Figure 1,

d3 = (4, o)1-2*%s5 Tqoq (8-9]
and 4, = (dv'a)l_3 X6 713 (B-10]
From Equations [B-9], and (8-10] we have
Y3 = Ko 4y ’d?) [B-11)
and ' )
(dv.a)l‘3 = K, ,(d 4K d)) [B-12]
%
where KIZ e constant
5 6
. x5
and K .= = constant

13 xg

1
Klb' % = constant
5 6

Figures 8 and 9 arc plots of (dv'a)z‘ and ¥
versus z' respectively obtained from the values.
calculated by the above equations, For a rigid
control surface, Y has a constant value, i.e.,
the value of ¥ obtained by Equation [A-1]
should equal that obtained by Equation [B-11],
Both (dVaG)IFJ and ..y 8re plotted at 2'=0,
In Figure 8, the curve of (d ) against
z' approaches the straight 1ir, whdse slope is
the tangent of +@,, This line appecars as
the dotted 1in. in Figure 8, The angle this
makes with the vertical (parallel to z') {sa,,
The method of measuring @y and the location
of this line in the plane will be discussed
later in this appendix,  These straight lines
{or asymptotes) remain straight for Increasing
z' since they cepresent the rigid body motions
and torsional motions of the hull, Bending of
the hull in the horizontal plane would give
rise to additional curvature of the curve in
Filgure 8 at a value of z' {n the vicinity of
the hult,

The quantities 7,, z'y, and z', are
measured from the plots of Figuies l and 9;
z'y and 2’y are the distances from the point
of attachment of the rudder stock to rudder
(usually, although not always, at the top of
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the rudder) to the point of attachment of
stock to hull in torsion and bending, respec~
tively. ‘The measurad values of vy, will be
used in subdsequent calculations.

When 7y is plotted against z', it is
eixpected that a point will be reached at which
the curve 1s vertical, Tha value of Y at this
point will be called 7,. The quantity.lT is
the distance along z' Brom the point on z'
where ¥ = 7, to the center of mass of the
rudder, It 1s computed by measuring z' from
z' =0 toz' at y = 7, and adding the quantity
b (see Figures 8 and 8) to this result, i.e.,
'ZT =7.'T+h.

In the plot of d, . versus z', note that
the point where the cutve d, , versus z'
becomes linear is the point 3€ attachment of
the rudder stock to the hull in bending., The
value of d_ , at this point, which is obtained
by extrapoxdtion (or interpolation), will be
called (dv a)R- « The linear portion of the
curve maked an angle a, with the vertical (see
Figure 8); ay will be determined below. The
value of.l'is the distance along z' from the
point on z' where dy g = (dv’a)§_H to the
center of mass of the rudder, It is computed
by measuring z' from z' =0 to 2' at d, =
(dv a) _y and adding the quantity b (see
Figlres 7 and 8) to this result, i.e.,
£=z'y+b,

The hull angle of torsion, represented by
ay, may be determined by the following method
(see Figures 2 and 10),

The ship 1s instrumented with two accelero-
meters (Cages 13 and 14) to weasure the
athwartship motions of the section of the hull
in line with the rudder stock and two accelero-
meters (Gages 15 and 16) to measure the verti-
val motiens of the hull in the transverse
plane which contains the ruader stock. In
Figure 10 let,

vertical distance betwecn Gage locations
13 and 14,

vertical distance between Gage Location
15 and the center of mass of the rudder,

horifontal distance botween Gage Locations
P15 and 16, and

« digplacement of the hull
at Gage Locations 13, 14,
15, and 16, respectively,

4140 9450 9y

The solid 1ine in Figure 10 represents
the undisturbed posltion of the ship and the
dotted line represents the horizontal torsione
kending motions of the ship after impact on
the control surface, assuming the contrnl sur-
fate-gtock system remains completely rigid
with respect to the hLull, so that the motion
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of the control zurface due to the motion of
the hull may be determined.

{B-13]

[8-14)

This value of @&, determines the slope of
the linear part of tke curve in Figure 8,
Rence, the displacement of the center of mass
of the control surface due to the coupled
torsion-horizontai~bending motions of the huil
is given by (see Figure 10);

- - B
dR_H = d13 + L a, h7b [B-15}

Substituting Equation [B-13) into the
above expression, Equation [B-15] may be
written as

dpoy = Y3

= (14-%1):113-:‘—‘2

T, 13 "d307hy
P
44 b,

“Kiody, b [B-16}

—

where K9 =1+ zﬂ =1 + K, = constant

10

ha ]

K =

10 = cceugtant

| d ':l"

P
Also, by using Equation [B-14],

W - (dy 95
R-H

dyg + Ly “hYy,

p

ad

13 {Be17]

or d

R-H + Ky

16 "915) "%

L
- == @ congtant

P

who e K
11

In determining the motien of the rudder
relative to the hull in the y-direction when a
flexible stock 1s considered, the displacement
of the hull must be accounted for because the
displacement on the hull is included in the
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the rudder motions measured by the gages on
the rudder. Referring te Figure 10, ve way
define tiie motion of ruddez relative to the
hull at the MM gage position by

dHR = dy )y +Bay mxm) {B-18]

where is the motion of the ch gage which
includes the contribution s5f the hull motions
as well as the effects of rudder stock flexi-
bility and where Ly is the vertical diszance
berween the MM gage and Gage 13 agd Xy 18 the
horizontal distance between the N© gage and
the rudder stock (x, is positive when the Mth
gage is aft of the stock and negative if for~
ward of the stock).,* 1f the contribution of
the term %y 7y, is negligible, the following
expression may be used:

d“n = dy -(d,_3 +L,3,) [B-19]

* When the ch gage it st the center of mass, the term in parenthesis in Equation (B~18] reduces
the right hand side ot Equation [B-15],

102




APPENDIX C

DETERMINATION OF LOGARITHMIC DECREMENTS

In determining the motion of the center
of mass of the rudder relative to the hull in
the y-direction, the displacemenrt of the hull
must be accounted for {in addition to the
displacemrnt of the center of mass sssociated
with the elasticities of the flexible stock)
because it is included in the rudder motions
measured by the gages oa the radder, Thus,
rudder motion reletive to the hull motion in
the y degree of freedom is

- = y- *
V- dpeg = VTldyy ¢ Igay).
This 15 equivalent to the motion of the center

of mass of the rudder attached through a
flexible stock to a rigid hull,

The values for Ty Gy and d must be
subtracted from the recoraed vy 5 and v
mctions of the rudder to obtain the true
rudder relative to hull motion,

The logarithmic damping decrement for a
moticn A (t) is

A

1 to
6, =< log -
A q e At +qr [c-1]
Q
where At = the value of A at time t=t°
0
At + qr the value of A at time t=t +qr

]

wheve 7 15 the period of oscillation and ¢ is
an integer cqual to the total number of perviods
of oscillation of A between the measured
amplitudes (see Figure 11), Similar relacion-
ships hold for the noticns y(t), a(t), and
v(t).

We wefine the logarithmic decrement of
the ¥ motion of the rudder relative to the
hull by

( ]
LAINS .

8 log W:t——— [c-2]

+ qr

the logacithmic decrement of the @ motion of
the rudder relative to the hull by

la-a,}, .
1 i)
foy W TR Lo fe]

+
ot

and the logarithmic decrement of the v motfion
of the rudder relative to the hull by

lv - dR-H]t-t

1 .
it W o (e-4!

R-H t=t +qr

8

In terms of displacement, these Equations [C-2],
[c-2], and [C-4) respectively become Equations
1101, [11], and [12] of Table 1.

Similarly, the decrement of the relative
motion of the MV location on the rudder is
given by (see Equation [13] of Table 1)

[ay(d)5+0y8y- xﬁ’b)ltxt
los
R LLTSOPES xmﬂt,t o

{c-5]

In these equations, dy is the recorded dis-
placement of the rudder at the Mt) position and

ie the vertical distance of the Mth position
to the gage where the displacement dy; is
measured.

For some applications, the term XyYp may
be negligible, In the present application to
ALBACORE and SAMPSON, the terms d +L"db-x Uy
were not considered (see Results) so that
Equation {C~5] reduces to Equation [7] of
Table 1.

Theoretically BVR =67R a 6GR '5modal'

The analysis of the record should verify this
assertion,

* In Equation [B-18], dyrv, Ly*ly, and the term xy% has been neglected for the present apptication,




APPENDIX D

DERIVATION OF EQUATIONS FOR PARAMETERS C AND ¢

Derivetion of Equations [14] and {15]) of The exponent #, the frequency w, and the
Table ! are presented in thia Appendix, constants a,, a,, etc,, can all be determined
from records, treover,

Consider Equation {62a] of Reference 1,
At zero ship speed, this is (see Notation): at
v o= vi(usinwt + coswt)e

“ - .l - L] -
Myvs 12k‘[v v, + hr-bo 21(a+ ab)] Cv

<
n

VI[(#Z-wz)sinut + 2pwcos wt JeMt

{[al(uz -wz) -2a2,uw]sin wt

!
L]

-Hy\'i -121:3[v--vb + h'y-ba-%l(a +ab)]

Ca=a

.

v +[a2(u2-w2) + mluw] cos wc} Mt

Suppose the motion in each degree of
freedom is a damped sinusoid. Then*
Kt

1e sinwt

¥ s {[71(#2-«02) -zvznw]sm wt
v =V
t

2 2 L
a = e’":(a1 sinwt + a, cos wt) "'[72(“ W)+ 2 ‘71‘“‘“]“’a wey e

Y = em('y1 sino* + 7, cos wt) v = [(‘ylu-'yzw)atn wt + (710)4- ‘yzﬂ) cos wt] Mt

vy - eﬂt(vbl sinwt + v, cos wt) i = [ p- Ysinwt +( yoos ] Mt
Tp = L # T TpHTp ) coswtl e

ab = e'":(a.bl sinwt + a,, co8 wt) Substituting the appropriate variable V,

Vy, Vy, Vi, 7, 4, @, in the equation for C, we
ut find at time

v, = ¢ (v, sinwt + ¥, cos wt)
b bl b2 2

nx

tn_&_;n=0,1|2.ool
where @4 89y T3+ 7> Vit Yb2! %b1’ %b2* Th1?
: 12k

’ . s . 4 '
Tpp 4re constants, C= -2Myu+ Ve [vb2 h72+ba2+-2-(a2+abz)J

© * It may be desirable fn Zuture caltulations or meagsurements to exprcss these equations in the
following alternative forms:

a
v = vefatnui V nv é, = tan ](—2>
B 1 1 @y
a = Ae‘",stn(wt# ) A = ja 2 v a 2 v
! " 1 2 6 - tan-t 22
‘ . 2 = tan )
ut 3 - o~ .2 2
Y = re Bln(‘ﬂ'#-‘z) A - . T N 71 + 72
. - v
v .V 'e“érin@t é.) V. o= v 2 v 2 ‘3 "t l<;:—:)
b ° Yp® RINWRG b b1 * Vb2
etc, tLC, ete,
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Similarly from Equation [62b] of Reference 1
(see Notation)

Iz7- Ix;zn -12kah(v-vb)+6ksh(1+ Zb)a

2 .
- [%J';E + 12 h ]7+6kshlab+%7b-c(1 =Ty

or

1 . o
c-[,i_,;,b] { Iz'y+Ixza 12ksh(v vb)+6k8h(l+2b)a

-Gl 2 Gle
[7;— + 12k_h ]‘y+6kshlab+ 7-1-— Th

Substituting the appropriate variables ¥,
@y v, v, @, 7, Gp, 7p in the equation for
¢, we find at time

t=%£‘;n=0,1,2-...

. 1 { [ 2 2 ]
O Gy ey k| L, (v w2y e

2 2
+1, [az(# w%) 4+ zaluw]

l

cJe
+1Zk b ["bz""'z*b“z*é(“z’“b 2 "/"T‘(’z"bz)] {

In these equations, - 5 = -?g;-r B -g-— = %—
’ ¢

c
(see Reference 3) where § Ls the logarithmic
decrement of the waveform, M {s the real part
of A indicating the degree of damping and w
is the imaginary part of X which is the
circular frequency of vibration., Here C,  and
¢, are critical damping constants for the
translational and rotational degrees of free-
dom, rvspectively, It should be clear that
8, w, (and hence M) are directly obtainable
from the waveforms for a particular mode of
vibration as are the constants Vi T By
etc, Thus, C and ¢ are determined from
measured and calculated dats.
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APPENDIX E

DETERMINATION OF VIRTUAL MASS AND MASS MOMENTS
OF INERTIA

Methods for determining the virtyal mass
and virtual mass moments of inertia are given
in this Appendix.

In order to obtain "ball park" values for
the frequencies of the rudder by means of a
simple computation, let us assume first that
we are treating a two degree-of-freedom system,
consisting of v- and ¥ - motions, f.e,,a~
motions are neglected. With this approach,
two types of calculations can be made, The
simpler type of calculation treats the system
as uncoupled, whereas the second type which
involves a bit more computation, treats the
system as & coupled one,

Equations developed for determining the
frequencies associated with uncoupled motions
in two degrees of freedom, v-translation and
7 - rotation, are given in Reference 9, page
321, The frequencies associated with uncoupled
motions are inversely proportional to the mass
and mass moments of inertia, respectively.

The equations for the frequencies associated
with uncoupled y- and ¥ - motions are

381 Bl
/ / P
£ 12; ﬁ and £ = %; 7 (E-1]

which may be written as

-1/2 -1/2
fvﬁmy and f,’xl8 [e-2]

where, in general (l,e,, for any medium), .

{s the frequency of the translational motion
and £, is the frequency of the rotationsl

mot Lon, m, s the total masst of the rudder,
I_1is the mass moment of inertia of the rvudder
about the rudder stock axis, and I {s the
polar moment of Inertia of the rudBer stock,

In air
JEX Gl
£ - .L. -—J- t - !E'])
v,a 2% b\‘l] . A i‘i?,ht).

or

-1/2 -1/2

f Cm . f,mocu,)‘ {E-4]

where € is the frequency associated with
translatidnal motion (only) in air and f., s ls
the frequency associated with y rotation '
(only) in air, Similarly

-1/2 -1/2
fv’“xﬂy » f,'.wﬁ(lz)“
voaa [Py
fv,w P
But moxm b [E~5)
£2v a TFO ®oip
Therefore T‘-— " -——;—Y—‘: -] 4 =25
£ a ®a
v,
Hence ] 2
—L—‘- -1 ( -
m, =m E-6)
vie s ( fv.u)

This {s Equation [18) of Table 1. An slterna-
tive method for computing . bas~d on
Reference 15 {8 given by Equ“ton {19} of
Table 1, Similarly, since
Ty = (I:)c ¢ M)y
assuming that m, i, and 1ie close to the
center of oass o’ the rudder in water (othore-
wise use the parallel axis theotem to transier

all moments to this latter center of mess;
sce footnote foxt page)

* For oxample, the sumevical values for the parameters of the “darn door™ type rudder of Reference
9 tndicate that the swximum diffvrence {n the corresponding frequencies obtalned Crom the use
of thesv two types {8 not likely to oxceed 35 percent for one of the modes and 20 percent for

the other mode,

t 1In & fluid medium, this {ncludes the virtual mass of the fluid as well as the structural mass;

similarly for X‘.
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NOTATION

A Ampiitude of rotational motion & of the
rudder about the x-axis

Ab Amplitude of rotational motion of the
hull about the x-axis at the point of
attachment of rudder stock to hull(point
of attachment here is assoclated with
bending of rudder stock)

i z-coordinate of effective poiat of attach-

ment of rudder to rudder stock

c Dampiug constant associated with the
* motion of the rudder in the¢ transverss
(y~) divection

cc Critical damping constant for trans-
lationil degree of freedom
c Damping constant associated with the motion

of the rudder sbout the vertical (a-)axts

€e Critical damping constant for rotational
degree of freoedom

d Displacement of the rudder at the i
location on the rudder or stock

th

o

dp.y Dlsplacement of center of msss of the
rudder due to the coupled torsion~

~ horizontal-bending motions of the hull

(3, )y

va’s Coupled (v,a) motion of the rudder

along the vertical a'-axis through
the center of tho rudder stock

3 Young's modulus of vlasticity

(v.(;'. ‘v,u'tv.v"v,a’f1.e't¢.a“‘.u frequen-
cies (delined in Appendix B)

G- Shear modulus of elasticity
Acceloration of gravity _

h x-coordinate of eflective center of
attachment of rudder to rudder stock

t Aton momoi t of (nertis of cross seclion

of rudder stock trelative 1o o diameter
through the centrold

1 Polar moment of inectia of rudder stock
about &'-axis

1. . MNoment of inertls of comblned rudder and
virtual sass about t . z<ax{s with origiln

at the effective conter of mass of the
tudder in witer

108

(lx)x'uz)n Moment of inertis of the rudder
about the x- and z-axes respece
tively with origin at the ceater
of wass of the rudder in air

(L) . (L) Virtual mass moment of inertia

x“vir® Vztvir of rudder about x- and z-axes
respectively with origin at
the center of mass of the
rudder in water (see Equations
[21] and [20] respectively of
Table 1 and Discussion at end
of Appendix E).

1 Product of inertia corresponding to

zx
r,1r,1
x' Ty' Tz

.Je Polar moment of inertia of cross
section of rudder stock about a per-
pendicular axis through the ceatroid

K1 Geometrical constants of the rudder

(see Appendixes A and B)
E
k. Defined as k‘- (T-T-dﬁ—)(;%)whou
e

KA

KAG is the shear rigidity of the rudder
atock

Distances between gages on rudder hull
systen (sce Appendix B)

Vertical distance batween the th gege
and Gage 13

«ive length of rudder stock {rom
¢ .ot of gravity of rudder to the
points of attachment of rudder stock
to hull in bending and torsion,
respectivoly

Mass of the rudder {ncrunsiation in atr

Virtual mase of the rudder in trans-
lation

Total mase of the rudder in translstion
focluding virtual msss

fnteger
Forward spued of ship
Time

Amplitude of translietlonul Numr(v)
of the tudder s y~direction

Amplitude of transiationa]l motion of

the hull is the yedirection at the

polnt of attachment of rudder stock to
hull (point of attachment here Lo
associated with bending of ruddee stock)




XY .2

gt
K Y »2

6,,.&.}.6"

Small translation of effective center
of mass of the rudder in the
y-direction

Corresponding translation at the
point of attachment of rudder stock
to hull

Right~handed rectangular coordinates
with x-axis always parallel to the
ship axis; the origin is always at
the effective center of mass of the
rudder and the z-axis is vertical
and positive upward ’

As above, but with origin at the
point of attachment of rudder to
rudder stock

Mean chord, height, and thickness of
rudder, vespectively

Horizontal distance {in y-direction)
between Gages 15 and 16

z' coordinate of point of attachment
of stock to hull in bending

z' coordinate of point of attachment
of stock to hull in torslen

Small rotation of the rudder about
x-aris

Small rotation of the hull at the
point of attachment of rudder stock
to hull about the x-axis (point of
attachment hew {s sssociated with
bending of rudder stock)

Amplitude of -rotationa] msotion ¥ of
the vudder about the s-axis

Amplitude of votational motion of the
hull about the z-axis at the point of
attachment of rudder stock to hull
{point of attachment here {s

aisoc tated with torsion of rudder
stock)

Smail rotation of the cudder about
teaxis

Small rotation of the huil at the
potnt ot attachment of ruddeér stock
to hull about the z-axls (point of
attachmont here is assocleted with
torsion of rudder stock)

Neasured values of logarithmic
decroment s

Logacitimic decrements which ate
defined (v Table }

[ S ) 9
Ty 8y

b uaodal)y® Slmodal),
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Complex circular frequency of
vibration of ith mode

Real part of il indicating the degree
of damping

Density of scawater
Period of oscillation

Phase angles defined in Appendix D

Imaginary part of A\, indicating
circular frequency 3f oscillation




Table 1

*
Summary of Equations of Motion and Parameters Associated with Control Surfaces

NUMBER EQUATION ASSOCIATED
CONSTANTS DEFINITION AND REMARKS SOURCE
L a e | o Total rotational motion of the | Appendix A

! (1) = K, (4, dﬂ) K = X)¥x3 rudder about the s-axis.

1 Total rotational motion of the Appendix A

: alt) = K{dg -dp) K = 5p+z, rv44>> about the x-axis.

2 Total translational motion of Appendix A

Ja v(t) = Ky(dy+Kd,) Ky 5rez the rudder aloag the y-axis.

5
K 32
. 4 lz
x2 Total transiational motion of Appendix A
3 vit) = Kgld +K dy) K Ty the rudder along the y-axis.
(dq-dy) Xy
‘ § 1, M Ke*ny
q o8 ‘(3'—"4" < a‘m vt Logarithmic decremaent of Appendix C
° q * intager s ¥(t) motion.
7 s pariod of
oscillation.
(d‘ . ‘l)l't _
s el og mT__’___ Logarithmic decrement of Appandix C
q§ ejid,-dy Wt ey a{t) motion.
, cK‘d‘)"'
6 8, =tog W._.. Logarithmic decrement of Appendin C
g e LLIRTY : v{1) motion. .
“4'“6‘."“,
o ¢, "'L“l Aok Logarithmic derrement of Appendix C
AR IR LRI v{t) moton. :
. . J “M)m‘, :
modat) 't o Logarithmic decrement of Appendix C
¢ ’ “‘ Mt gy un wat rucorded thotion at
wuum
¢,
b sl -.'-?-rl!- Conetmte L. 7. Contridution of the 3(t) mution Appendia B
’ ootincd 1n opertis i | OF e Buil 1o the total recorded
ond Pigeee § . motion of the control surface.
4 . -d
®» o qye to 43 Contribution of the Nt} motion Appecdin B
i Yy of the hull 1o the otal recorded
: motion of ithe control sutface.

. 4. “(l) * d k‘h Qomstane by : Displacement of center ol mase Appendia B
doliasd of the tudder due 10 the couplad :
prondis § tarsion-horisontal-Sending
o figere 3. - motions of the huil, The con.

tribution of y‘m e, “m n
the present application hae baen
neglacted. See Equation {8.19)
and (ootnete tn Appendin C. The
more goneral expression is givea
by Equation {8-13}
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Table 1 (Cont'd)

NUMBER EQUATION ASSOCIATED
CONSTANTS DEFINITION AND REMARKS SOURCE
d, -d )
1 [atd - %) tstg
10 6., =~ log Logarithmic decrement of the | Appendix C
R 9 e [K‘(d4 -da)-rb] tat sar ) rotational motion of the rudder
o'd relative to the hrll about the
s-axis. ¥ computed in .
accordance with the procedurs
. of Appendix B.
(e ey, :
11 6, ==log - ’ -Logarithmic decrement of the ' | Appendix C
R 9 € [Kz‘db ‘ dz).%] L=t vqr rotational motion of the rudder
relative to the hull about the
Z-axis. computsd in
accordance with the procedurs
of Appendix B.
12a |8 sl R b Logarithmic 4 t of th Appendix C
~1og og! ¢ decremen ] pendix
R G e [Ks(‘z ’Kids)'dll.l-d st +qr translational motion of the
° rudder relative to the hull
along the y-axis.
K(d +XKd)-
12b . 1 [ 5( 4. 6 !’ ‘R-H] N!o
*~log - Logarithmic decrement of the Appendix C
YR 9 e [Ks(dg‘xsdg) dn_H] tet +qr translational motion of the
° rudder relative to the hull
along the y-axis.
d -{d -
13 [ [M : l,.l‘Mab xu’b’] "‘9 C L L ithmic & of th Appendines B
=10 L . CgaL € decrament L] L]
M(modal) 4 t [‘M.“lld'ucb"a’b)] 1ot sqr . M relative displacement begween and C
° Xy g delined in § ry4der and hull at the M
Appendixes B location. Note that the term
and C. . xurb was considered negligi-
ble in the present application.
lZl'
" Cz2mprgs lv by sba.tiasa y) All constants | Damping constant associated Appendix D
e e 7 M e are defined in | with the motion of the rudder
Appendix B or along the y-direction.
in Notation.
2 2
15 Lo 1 ly (p-o)e2ype All constants Damping constant sssociated Appendix D
2 1 Ppe
(7. -7Nb'(-yz-7bz)u ® are defined in | with the motion of the rudder
Appendix B or about the s-axis.
o c( 2 Z) 2a in Notation.
+
xs [ 2 o ll-]
wrmaot (0 8) == (o)}
ol!k.h[vbz h'yzobﬂzQ 7 2 b2 "-r zZ b
16 C: 'sz": 2m (& f:9/2n Approximated form of Equation Appendix D
Yy v 4. b [14) where it is assumed that
e 2n 72"1"51"5;'“"'
Discussion).
a 8
17 ces2ft .1 \rs, H Approximated form of Equation Appendix D
(‘ xe y, b4 - T% (48] where it is assumed that
. . yzcﬁz' 7bl. ybzutu-vnao
(see Discussion}.
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Table 1 (Cont'd)

NUMBER EQUATION ASSOCIATED
, CONSTANTS DEFINITION AND REMARKS SOURCE
f
v,a -1
H ] moerm, [-(-r——) Virtual mass of rudder in trans- Appendix E
v.w lation. All terms defined in
Appendix E.
2

2 z2_2
20 wy =me |z} [x R
z2wvir B g (Z) (2.) e mvnr
[z ‘ 2
n T {2 x+
21 (l‘lv"-zo : (Z ) x+s mv"

g=32.17 ll/ucz
3
P64 1510/t

; * mean chord
of rudder

; = mean vertical
height of rudder

y = mean width of
rudder in y-dir-
ection; r definad
in Appendix E.

s defined in
Appendix E.

Virtual mass of rudder in trans-
lation.

Virtual mase moment of inertia
of rudder about z-axis with
origin as the centar of mase of
the rudder in water.

Virtual mass morment of inertia
of rudder about x-axis with
origin at the center of mass of
the rudder in water.

Retf. 15, Ref. 4,
Ref. 5(43)

Ref. 15, Ref.4
(Table 4),
Appendix E

Ref. 15, Ref. 4
{Tabdle ¢),
Appendix E

* Values for paramaeters { and LT. the effective lengths of stock for banding and torsion, respectively, are computed by extrapolation

or interpolation methods given in Appendix B.
(L] d‘ F dj",

#¢* Constants x and & are defined in FI‘“I; 1.
i
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Table 2

Test Results for ALBACORE and SAMPSON

USS ALBACORE (AGSS 569)

I. RUDDER (a)

MEASURED FREQUENCIES (cps)
In Air in Water
20.1 13.0 (predorainant)
24.5 (predominant) 45
123 80
87

(b}

LOGARITHMIC DECREMENTS
ln ALy {24. 8 cpe} ' In Water {13.0 cps).
EQUATION . PERCENT DEVIATION | PERCENT DEVIATION
NUMBERe | DECREMENRT vaLue FROM AVERAGE ALUE FROM AVERAGE
4 : \ ©.0824 R S Y 0.0942 .10.8
'Y g 0.061) - 1.0 6.093% 1N
t \ 0.0144 210.8 e N
T Srodal 0.018) ‘i 1 ety 2.8
AVERAGE 0.0684 ol o.18% | 21,3
*See Tadle | *e8ee Notalion ’ A
{e} B
: ) "DAMBING CONSTANTS
3 EAQUATION - _ T ~
. NUMBERS fee Aie (24, $-cpe) th Watee {1} C.cpe}
ltr G #5 pX{ 3 m-ucfl_t Cr b 1426 ton-sexify
it € ¢ 8. 1439 freton-ase €+ 3.2344 fr-ton-eec
QUANTITY souscE | quanTity lsounce
m, 0. 0878 twm-aec /N [Reterence s, m,+ 0. W13 tnsoecd nfReterence ¢. Teble
¥ ST T ton-eacd tp Plame | (> 0. 64A4 N ton-secd [Nefetence 4. Tonie §
P
l".e QT fi-tencvec Ship Plans b -9 nlﬂl-wmn«l Reference 4. Table ¢
B I x4 $age Tadle la e w130 sec” Tabte 22
8y, -1 %02 Enperirental | 2,7y ¢ -6 9% Enperiomantal
Data Dats
A, - 0.07% Tadle 20 l' * 0,118 Tabis 2b
‘y + 0. 0N ¢ Tadle 20 i' + 0.09%2 Table 23
*Ses Table ! 9800 Notation
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1able 2 (Cont'd)

Eabach it Takena i 1Ch e

(d)
VIRTUAL INERTIAS
EQUATION PERCENT DEVIATION
NUMBER® WUANTITY AVERAGE FROM AVERAGE
- 2. 2
18, 19 B = 0.2240 ton-secT/ft; m . =0.2735 ton-sec”/ft| 0.2488 10
2
A 20 (lt)v.“ w0, )88 fteton-sec
: > 2
2 ux)\rir » 1,78 fteton-sec
QUANTITY SOURCE
DATAss X5 6.2004 1t pr 6418 b/
; LIRS ] g* .17 fllucz Reference 4. Table 4
11016670t *m  sa'm_ w0
vie e
*See Tadle ! *sSee Notalion

2 STERN PLANMES {e}
» MEASURED FREQUENCIES (cps) -~ IN AIR ONLY
’ o 30 {praduminaat)
{ 1t
10
n _
LOCARITHMIC DECREMENT (20 cpol
DECREMENTY FIXED PQR?;OS'** ) MOVABLE PORTION®+ ]
vaes e eraee | ALY P oond AVEMAGE
KR 0.0913 Caly G 10 "t
s oo e 4 0.0% 17
:v_ G.1iie SRR | 9.0} LR I
‘modal 9. 1isy 204 =
AVERAGE 0.09ar LRI 0.0v1) o ¢
Becane of the ofientativa of the sterw plames * , 'Y " wre 2ecromesty cnmmm 9 metioas
3, 7 and v adout the 3= ani yoases and alemg (e 3-aNis, respectively.
**Each stern plang connists of a plane Frgully attached 10 the huli 2ad to & Lised plane
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" table 2 (Cont'd)

USS SAMPSON (DDG- 10)

1. RUDDER {g)

MEASURED FREQUENCIES (cps) - IN WATER ONLY

2.18 (predominant)

4.36

7.6

9.0

(n)

LOGARITHMIC DECREMENT (2. 18 cps)

- oy . PERCENT DEVIATION
DEZREM " v
ECREMENT ALUE FRCM AVERAGE
0.02225 ’ -44.8
rnodal
G.U562 +44.8
AVERAGE 0.0402 +44. 8

“See iable 1, Equation g

(i) )

DAMPING CONSTANT VIRTUAL MASS
- ——
EQUATION ) EQUAYION
N -MBER® IN WATEZR (2.18 cpy) NUMBERY QUANTITY
: P
16 C 2 0. 1479 ton-sue/ft 19 myF 0.6467 ton-sec”/ft
m, = 0.8420 ton-sec®/It QUANTITY SQURCE
DATACS 1 o« 2nx 2,18 sec’! R29.9778 1t
5 20,0402 $x9.251t
X A .2 p
v DATA p- 64,15 lb/x‘t’ Ship Plans
¢« Swe Table | g 2 32.17 it/sac
emgam b am s 0,195 ww. calculated g
from ship plans and m_ calculated from data % See Table |
an Table 2j. Also Av is approxin.:ted by the wSeq Notation
value ot 4
modal.
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A
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Y LOOKING AFT
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Figure 1, Location of Gages and Identification Figure 2, Cage Locations and Orientations
of Displacements of Rudder=StockeHull for Determining Haull Motions,
System,
CEC £
STATHOM 26 PR 3300 CEC
_ o] ACCELERD- CARRIER oc || TAPE DECK PLAYBACK 05CItLD-
METER || AMPLIFIER 'l FMPLIFIER | 7|14 CHANNEL] | AMPLIFIER CLIY T
a \
ACLELERATION ACCELERATION
AMPLITUDE
MEASURED ON

OSCILLOGRAM

Figure ja = Recording System for Rudder Vibration Trials of ALBACORE

kS SANBORN SANBOAN
PR 2300 SELECTED 67 200 0C MODE 801300
T DATA CHANNEL -t oo .
- e, MPLIFIER }_. .- W‘uzusu
TAPE DSCK |- ) A st [ S16NAL
14 CHANNEL ] KAON-HITE . RECOADER
- l MODEL 330 A . 2 CHANNEL FILTERED
b — L. .o N e T AY N -
o BANDPASS [ . T . ‘ SIGNAL
- | eiLten { mrun.nJ
T T SANBIRN -
#7330 bC

NOYE: INPUT YO TAPE DECK 1S SAME AS THAT FOR ALBACORE

Figure b = Data Analysis for Rudder Vibratiom irials of SAMPSON

Figure 3. Recording and Analysis Systems,
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SCALE OF TRANSVERSE ACCELERATION
{RELATIVE TO GAGE NO. 2}
+————RECORD K0. 8 (P0S. D) 2
——RECORD NO. 8 (POS.A) =) UPPER
11 _GASENO. BEARING
s
1"
AMPLIEIED !2; ] TILLER
ACCELERATION LYy § '
QJ&‘
LOWER
] {TRACE w) SEARING
| 2
P NS !
- \
WPLIFIED  HASH, I ‘ ! L
\CCELERATION | ] v
8, . yf0} ) 1 ealty) v
L) +x
~ YA
4///
8
RUDDER
8 — AND STOCK
Figure 4, Portion of Oscillogram Record Figure 5, Displacements d, Normalized to
(% Channels of 12) From ALBACORE Gage 2 for 2 Records from SAMPSON
Rudder Vibration Tests, B Rudder Vibration Tests,
ol il o G M o b A TP IO ST TR 136 0 0 A AT
b4 TOTAL RECORDED ‘i e - ;
i ~I"1(UNFILTERED) SIGNAL | 1 NENERNNEN T
A D ' i 3 r
. , 4 [ ’
g+ S danoe SR | NP 5 e
- 1 :| 1 n"_ o i .t POINTOF IMPACTr~ > '; ot + 2,
L i H1 1/ ATTIMEt=¢, | N -
! 2.18CPS. r;ni 10 . A X . :
FILTERED ([0 TR s S
RECORD A TR 1
S, J
i Tk T T TS
L L Ll Tl ] IR i & "M R WET;
1SECOND [Reproduced from
best available copy.

Figure 6a, Total Recorded Signal

Figure 6b, Filtered Signal (2.18-cps)

Figure 6, Sample of Accelerometer Data Obtained “rom One
Channel of SAMPSON Tests,
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Figure 7a, Locatlion of Gages Used to
Record Rudder Stock Motions,

NOTE: (V' IS DISPLACED FROM TOP OF STOCK IN THIS

: 7 FIGURE T0 INGICATE RUDDER-RUDDER
ATTACHMENT 15 NECESSARILY AT TOP
$r P OF RUDDER
Lz AL R ToRsION, RUDDER
: ! IS ASSUMED FIXED
! i ALONG THIS LINE
] t
L By L L on mENDING. RUBDER
- E | IS ASSUMED FIXED
™ s [STOCK3 ALONG THIS LINE
.2 e
Y E | 3 4 -
HEV.
- A e
@ o'l +KY
I {2} Y : a
T e
t ( EFFECTIVE POINT OF ATTACHMENT OF RUDDER
b —el TO RUDDER STOCK AT 0 = (h, 0, b)
RUDDER @ :::LDCI:)IiATED LOCATION OF CENTER OF MASS

Figure 7b, Rudder Axes

Figure 7, Rudder Coordinates and Locations of Gages.

t
N [ VERTICAL LINE | . EXTAAPOLATED (OR INTERPOLATED) POIY OF
\ I,-~ ATTACHMENT FOR TORSIONAL FLEXIDILITY
\ wN.
[}
'
o \ o i
g U.aly | ‘Q "
\ INTERPOLATED (ON EXTRAPOLATED) POINT OF
\./ ATTACHMENT FOR BENDING FLEXIBILITY
- \_Ho—u
<
. T POINY N
N .. (y.aly_y "ty ol AT POINT OF - YA POINT OF ATTACHMUNT
ATTACHMENT OF RUGDER TO . OFRUDDEN 10 STOLK < Y AT
wﬂtl sTocK N {u POINTS OF RUDDEA
10~ : ...........,....2&4_._._._._. vee ol d
W, o)y o0 A 0y oty yeof ™
: ! 1
- ____..>..l_ " — e -
CM. RUDDER tM. ruoota
rigure 9. Curve for Determination of
Figure 8, Curve for Determination of Effective Effective Length of Stock for
Length of Stock for Bending Motion, Rotational Motion (Torsion),
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NOTE 1: THE FIGURE DOES NOT SHOW THE ¥ DEPENDENCY

SEE EQUATIONS (8-18)-(8-18)]
NOTE 2: L, >OR <1y

Motion of Hull and Rudder, with No Relative Motion

Figure 10,
Between Rudder and Hull,

teg e

Wave Form Showing Decay duv to Viscous Damping,

Figure 11, Sinusoidal
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DAMPING OF A CIRCULAR RING SEGMENT BY A CONSTRAINED VISCOELASTIC LAYER

Cpt, C. R. Almy
U.S. Army Electronics Command
Ft. Monmouth, New Jersey

and

F. C. Nelson
Department of Mechanical Engineering
Tufts University, Medford, Mass,

An analytical study has been made of the variation of the composite loss
factor with opening angle and shear stiffness of the viscoelastic Jayer
for a constrained viscoelastic layer on a circular ring segment. There
is evidence that optimum damping of a curved beam requires a stiffer
viscoelastic layer than the corresponding straight beam,

Constrained viscoelastic layers are effec-
tive in augmenting the damping of beams and
plates and many investigators have developed
means of predicting the extent of the damping
augmentation in these structures. Considerably
less work is available on predicting the damping
augmentation due to a constrained viscoelastic
layer on a curved structure. This paper reports
results of an analytical study of the damping in-
duced in a circular ring segment by a constrained
viscoelastic layer and how this damping varioa
with the shoar stiffness of the viscoelastic layer
and the ring opening angle,

_ The geometry of interost and the notation
- used are shown in Figure 1, As indicated in the
figure, the ring sogmont ends are simply sup-
“.worted at the centroid of the main elastic beam
"and, tn addition, restrained against tangential
tmotion at that point,

The in-plane vibration at the fundamental,
symmoetric natursl frequency and its correspond-
ing compoei\s lons factor have been calculated
- under the following assumptions,

(1} The system is lightly enough
damped to permit tho froquency
to be computed via the Rayleigh-
Ritz procedure and the composite
loss factor by

. B4

L, Y -
ul‘uz+u3+u‘+u

(1)
S

where

Prmlinz page biank

Ul = peak flexural energy of curved main
beam

U2 = peak extensional energy of curved
main beam

U, = peak shear energy of viscoelastic
layer

U, = peak flexural energy of constraining
layer

US = peak extensional energy of
consiraining layer

8 = shear loss factor of viscoelastic
material -

AN T SR ad
WS

vigkotLAsTIC
. LAYER
HAYER 1)

N co‘é:vﬁliun

Havge 3\

taangsete
ARC I, 22,
.

o
u-!{.v"tmm
S

Fig. 1. Geomoetry of Thin, Uniform Circular Ring
Segment with Constrained \fiscoelastic Layer




In equation (1) it is assumed that
all the energy dissipated is dis-
sipated in the viscoelastic layer
and, further, that it is dissipated
by simple shear, This latter as-
sumption is equivalent to assuming
that the viscoelastic material is
soft enough to justify ignoring the
effects of direct stress, If direct
stress effects are ignored, the
shear deformation will be uniform
through the thickness of the visco-
elastic layer,

(2) Deformation in the radial direction
is neglected so that at a given

cross section

wWEwW, W 'Wa

1 2

There i3 no shear deformation in

the elastic layers. Rotary inertia

is neglected in all layers, As such,
the elastic members behave as
curved Bernoulli-Euler beams; how-
ever, the extensional bending
theory of such beams is used, This
point is important because it can

be shown by comparison that using
the simpler, but more restrictive,
{nextensional bending theory resuits
in & significant reduction in the
shear onergy of the viscoelastic
layer, '

@)

(4) There is no tanqenual slip between

the layers .

The implications of these assumptions are em-
bodied in Figure 2, From this figure, it is cloar
that thore must be compatibility relations among
the v's and the &'s, Using the finute, we
can write thesa relations as

VRVt gy

) (2)

and )
Vimvp 4 2h 6, 4 hdy

where from the cxtensional theory of curved
beams

tquation (3) can be solved for &, the shear in

™

the viscoelastic layer, to give v in terms of
vl, vz, vq and w ., For the special case of a

flat composite beam, i.e., R,, Rz, R3 - o

the expression for «: reduces to the standard one,
for examg .2 that of reference { i].

The approgp-iate peak strain energy ex-

pressions are
Ia[ 2 dB de

E
dv‘ 2
[w-ﬁ-l de

rwzde

0

U, = ne

EA [
| 8

G,AR
2722

2
dzw dV3 ]

— S

[+ ]
][
2 de
0 40
a

deo (7}

GH

I'n,. 2, Before and After Cqﬁfw‘umnm of an
Element of the Compoasite Circular
Ring Segment
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In these expressions
!:‘.1 = Young's modulus for layer 1{
G,
Il = area moment of inertia for layer 1
A, = area of layer i

R

= ghear storage modulus for layer 2

= radius of layer {

[y

The expressions [or reduced kinetic cnergy are

[ 4
. Rp
T .—‘lf wl+v?ilde,i=1,2,3 (9
i 2 0 i
where
!
Clearly, if we can find expressions for the dis-
placements w, ViV vy and ¢ which satisfy

the boundary conditions and the compatubility
conditions, equations (1) and (2), we can use
them in equations (4) - (8) to evaluate the ener-
gies and then compute the composite loss factor
from equation {1). In addition, we could sub-
stitute these displacement expressions inte
equation (39) and determine the natural frequencies
by Rayleigh's Principle.

= mass per unit arc length of layer i

The necossary steps to reach these goals

are too lengthy to detail here; we shall only
outline the procedure, Limiting ourselves to
radial deformations that are symmetric about the
midpoint of the ring segment, we choose

we 2 a_sin 23 (10)
n'l,3,5.oo

v, * z bncoa-r%@ (11)
n2'0,1,3,5...

vy ® z c cos-&%q (12)

n'0,1,3,5... n

The compatibility conditions can be used to
eliminate the variables v, and ¢ in terms of
w, vy and V3. These expansions can be sub-
stituted into the energy expressions to obtain
(& “f (an, bn' cn), etc,

The energy expressions can in turn be substituted
into the Raylexq}};_mtz energy function
b3 01 - w®T |, ' (13)
i

Extremalization of this energy function will yield
the natural frequencies and the valuas of the
a 's, b 's and ¢ ‘s corresponding to the natural
mode sl“lpon. With these mode shapes, the

fig. 3, Variation of Compomr- Loss Factar {n) with Shear Parametor Q) and Cponing Angle {a)




composite loss factor can be determined

One complication should not be glossed
over even in a brief outline, The expansions
(10), (11) and (12) do not satisfy all the geomet-
ric boundary conditions, In order to satisfy
vl(O) -V, {a) = 0, we must have

b =0 (14)

n=0,1,3,5,., "

Thus (13) must be extremalized subject to the
constraint offered by (14), An effective tech~
nique to accomplish such constrained extremali-
zation is with a Lagrangian multiplier (the
technique for circular ring segments is described
in reference (2] .) We shall omit completely a
discussion of the means for efficient computer
manipulation and solution of the natural
frequencies, mode shapes and loss factors.

The result of performing &ll these compu-
tations for a specific geometric configuration
is given in Figure 3. In this fiqure, the
composite loss factor, 0, is plotted against the
opening angie of the ring segment, o, and the .
shear parameter R, where

G, wL

with
W = width (samo for all layers)
L = devejoped length (same for all lavers)

The specific yeomotry 18 the samo as that used
by Nokos in reference [ 3] for a straight boam
and is ropoated in Table {1, _ :

TABLE 1
: Layer
L s 3
Thickness e. 125" 0,050 0,331°
Width i B R 1+
Material Steel . Sten|

Developed Leagth 20 Kt 2

‘R is varied by allowing G, to vary, The

matotind loss factt ia aralimed constant at
B‘ l . )

for a= § {straight boam} the tosulls of
Figute 3 agree with those of Nokes wheh the
slightly ilferont boundary conditions are taken
into account. As Figure ) alan shows, the
straight boam prak in foss factor at R = &
dizappodts quickly with incroasing opening
angle: in fact, it hase disappeated completely
whent o rosches & value of saly 10°, However,
it is interesting to rote that for 2 > 139 anather
penk in damping occurs at a larger value of R:
tor the grometty considered, this new poak is

at R 30, On this basis, one would expect
that maximum daniping of a deep, curved

14

structure would require a stiffer viscoelastic
material than that for the corresponding strajght
beam,

The distribution of energy among flexure,
extension and shear in the three layers has also
been studied. The peaks and valleys in the loss
factor surface of figure 3 can be shown to
coincide with shifts in the partition of energy
in the main beam, The valleys cotrespond to
most ¢f thc enety, being in extension of the
main beam; the peaks correspond to most of the
energy being in flexure of the main beam,

This work is continuing and, in particular,

it is hoped to verify the analytical prediction
with experimental measurements,
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DYNAMIC ANALYSIS OF THE RUNAWAY ESCAPEMENT MECHANISM

Gene W, Hemp
Department of Engineering
Science and Mechanics
University of Florida
Gainesville, Florida

the escapement is derived.

information is available.

of the first kind.

A mathematical modeil is developed for the nonlinear damping
of the runaway uscapement mechanism, ¢
expressions for the effective linkage ratios between the driving
(starwheel) and driven (pallet assembly) members of the escape-
ment for both entrénce and exit engagements.
escapement action account3 for six phases of wotion during one
complete cycle of the pallet assembly and starwheel encounter,
Accounting for the variability of the linkage ratios for the first
time in an analytical treatment, an expression for the damping of
This expression is used to predict the
behavior of a centrifugally driven mechanism for which experimental
for stoady state operation, the equation
of motion for such units is solved in terms of elliptic integrals

A kinematics study develops

The kinetics of the

INTRODUCTION

Mechanical oscilliating mechanisms
can provide a reliable, low-cost means
of introducing damping into mochanical
systems. The runaway cscapemeont twohe
anise has been used extonsively in
ordnance applications to provide a
safety and arming function. In otder to
bevter understand the opeoration of much
units and subsequontly provide an
analytical means of dosign, soveral
studies have been made of various types
of mackanists {1-6]. _ :

The runaway coscapofent mechsnismn
consists of two principal unita:
11) the starvheel shown in part on the
tight in Figure 1, and {2} the pallee
assembly shown ¢n the left. The star-
wheel is pinned at its geometrical
center and is driven by a torque vhich
i3 assuwed to act counterclochwise,
Motion ©f the starwheei is itpeded by a
sérjes of imracts betucen pins extending
upward from the pallet and the faces of
the stastwheel keeth. The pallet
asgombly is pivoted at such a distance '
from the statwheel pivot that a pallet
pin may strike a face of a starvhesl
tooth, slide along it and iecave that
tooth allowing the starvhee!l to be free
to acvelerate until it ctivounters the
other pallet p: . at another tooth face
of the starwhoel < usually one or two

removed from the previous tooth in con-
tact. In addition to the snergy lost in
the impacts, thore is the pallet
assembly inertia for the driving torquu

. to overcome while the pins are in con-

126

tact with the starwvheel. The rosult is
a reduction in the rate of rotation of
the starvheel.

KINEMATICS

‘Figure ! showa the general con-
tiguration fur the upper {eantrance)
fallet gin in contact with the front
fave of a starvheel wooth. ODuring thiw
thase of the encountor betupen the two
asserblied, the pallet i accelerated in
the counterclockwise direction. The
next contact, between the lower {exit)
pailet pin and a atarwheel face, acoel-
etates the pallet in the clockwise
sense.

Ah inportant quantity during the
engaged botio!n is the ratic of angular
velocities of the pallet and starwheel
or the elfeoctive linkage ratio. This is
the ratio of the moBen: arms of the
nornal farce between the pallet pin and
a4 starvheel tooth face about tthe pivots
of the starvheecl and pallet respectively.
The kinonatic condition arises (rom the
requirement that the pallet pins slide
along a tooth face while in contact.




N A e ael L e s

Fig. 1 SCHEMATIC OF RUNAWAY ESCAPEMENT MECHANISM

Froe & geomotrical analysis the
follow' ng expresalon is found for the
effective linkage ratio during the
gntrance engagement.

RS S DY -RRRE < oag

whote

Aoy (0) = 1Q7-10 winge-c) -

. i
< R giny =pi¥)* . {ay

_and for the exit engagurent
DS T T 3
u“ - é - ae CK;:; -

- Deos{t-yeNi)
h »w-(ﬁ»——: tn
T Rpx (¥

where
A”m' e (B7-{0sin(0-1 ok} =

-8 nim~ﬂ'.l} 14

and N is the numboer of teeth on the
starvheel spanned by the pallet pinse,
Figure.l shows a two tooth span, but it
is of interest to retain the mote
genaral expression. The above expres-
sions aliov for asymmetric positicting
of the pallet pins.

T™Hhe position of the pallet during
engaged motion may be determined by
yeomettic snalysis oy inteégration of (1}
and (2}, The resultipg axpression for
the entrance engagement (g

3 = =;x-~.;-ﬂn"‘(9~..?“‘Q‘*%‘“ *“‘“".') 8y

and far the exit engagement

¢ # DeiaNlrtete

w3i{ O Bin(Dagafl)~r-Reiny
* Bin ( ~—§ 1{ ¥

"It is neconsary to deterrine the
range Of valyss tor ¢ for vhich there i
engaged potion and for which *he abnve
rtelaticns ars valid., The maximue dine
tance 3 pin can mOW in contact with s
starvhee]l ooth face ig WeF where W is
the width of the face ard £ is a re-
duction in thia length due to the finite
radius of the pallet pin, This can be
shown to be: ’

w-5 = & aia(§) esc(vofior corfveg)
Genorally, the length of engagement will

be stme fraction of this saxitum or
Piw-¥) where OePgi.
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From Pigure 1 the initial vaiue
of ANy is found to be

A“N(G) = R cosy~-P(W-E) =

= AP“(G) -~ D cos(6-v) (8)
where Apy(6) is given by (2). This
equation can be solved for 6 as a
function of the geometrical parameters
and the fraction of engagement, P. With
0¢P¢l, the solution & = & corresponds
to the initial value of ¢ for engaged
motion while P = 0 yields the value

8 = 8, which corresponds to the final
value for engagement. (The assumption
that P = 0 corresponds to the final
engaged position is equivalent to the
assumption that the pallet pin leaves
the starwheel tooth face with a velocity
tangent to the face.)

From a similar analysis of the
exit cngagement ope finds

wa(ﬁ) = R cosy-P{W-E) = -A lu) -

<D cos tb- ALY {9}

from which the initial, 2y, and final,
Gae values of ¢ may be obeazned.

txp:esexon! (1)}, (3} and (%) are
thus valid for 2,408y while (3}, (4}
and (6]} are vaxzé tor 5]&0&3‘.
KINETICS

The smathematical model considored
hets has sin phases of muticn iimpace,

-coupled motion, free sotion, impact,
coupled motion., free mocion) during one
srmplete cycle of the pallet asseably,
1.0, for contact betwesn the stlatwheel
and both of the pallex pins.

Rajor assuspiions for this eodel

ate: 7

I, Friction forces bouwven
pallel pins and slarvheel
to~th faces sré heglected,

2. Impacts belween pallet pins
snd starwheel tooth facer are
assuned porfectly inelastic.

3. The anyular velocities of the

statvheel and pallet are
aspumed tero at the beginning
of coupled aotion.

The third assumpition greatly
simplities the later mathematics and
cverf estisates the amdbunt ¢l enetygy
fost at ecach impact. The first and
sccond assulgtions neglect energy dis-
sipating nechanisms.
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A. Governing Equations and First

Integrals

. Coupled Motion.~ The entrance
pallet pin and a starwheel face are

engaged.

The equations of motion for the
starwheel and paliet assembly are given
by

Ise - TS‘P!‘A”"(G) »

Ié@ - FNAPM(Q)-TP ’
where F, is the normal force between the
pin and the starwheel, Tg is the net
driving torque applied to the starwheel

and Tp is the f..ctional torque zt the
pivot of the pallet assembly.

01{9{92

{10)
01s0&¢2

The normal force, F,, can be
eliminated from equation:(?b). Further-
noro using the kinematical constraint
« dMgy (e} from (1Y, the following
equ:tzon for ® can be obtained:

(1*"‘(*))5 . &° au? (9) -,

. v - z *
* !.. Yg ?mnx(‘ﬂ ) .fln
where
Hite} = iﬁ Nl tey t12}
0 . en e
Rncoqasexﬁq the fact tbax % =
4 R di’ tey
3% rﬁ and thd((a‘} Ni{¢yal} » 35 the

following inteyral can de cbtained
T8

® r;“‘n‘szr‘r‘r. Ty RN
.
1

whote assuspticn 3. has been used to
elininate °l

COS‘ 32 {4 3}

raguning that the net driving
COTgEe . Y$. on the starvhieel and the
frictional torque., Tp, at the pal!el
pivol ate constant over the interval of
integratisn, this becores

, 218 e»&x It' 4 e
- e {WVRT i*_ﬁq‘ (e
ety

where use has boed made of the fciattoﬁ
g8 = a e from 1)),




The angular velocity of the
pallet during this phase of the motion
is then qiven by

s (8-8 )H (0)
b r" —EeT— "
2T, (¢-¢,)H (@)
- P ,_..31____~ (15)
L T1ete) ,
¢ 5050,
where & = ¢(0) is defined by (5).

Free Motion.- The starwheel and
pallet assenbly are disengaged.

After the entrance pallet pin
leaves the tooth face., the motions are
independent until the exit pallet pin
strikes ancther tooth face.

The equations of motion for the
twc units during this phase are:

B e Ty . byeu<ay
“ : 313}
p2 = Ty - ¥y

These aro earily integrated
sssuming Tg and Tp are constants over
the range of integratien. Those firgt
integrals are:

* . » . }Ts

27 = Q: * f‘s l{?"l}) » '-"2‘?"-') i
gL

: D T ) s N
PO 3 }t‘ %] Qz’ ) G: H Q) _(s‘)

During this phaxe of {tee dOtion,

the starsheel actalerates due to “he
drive toryue while the pallet dec lerw
- atew due to frictinn lognes at the
pivot. After some finile rotation of
each unit, the exit palletl pin strides
the face of anothe:r starvheel tooth and
the wnits beqgin ancidher phase of
sngaged motian. YHowever, the patlet irs
sow acceloratad In the clguekwise ditee-
tican. The wvalue aof & for which thig
Ipact dUcurs cottespsnds to sode {tac-
lxon of engagenent - usually arcund

= 0.6, {The minitam vaiue of P oan
ho calculated by freeting the foticn of
the paliet at § » §; and aliowing the
starwhoe]l t6 rotate until 2he exit pie
makes contact. For typical valges for
the qeoaegricai values this is around
P» 0.5.i The correct value can be
detorrined only thraugh an iterative
ptocoss.

ggggigg_ggg%gg.- The exit pallet
pin and a starwvheel tooth fuce are
engaged. After the impact, the two
units begin another phase of engaged
motion. The angular velocities are
related by

o = -Np, (0)8 as)
and the equations of motion are
xse = TS-PNwa(G) '

I8 = To-Fh, (8) 4 o3¢0,

83¢6<6‘
(20)
Proceeding as in the previous

phase of ensaged motion, the following
first integrals ave obtained:

. 2T, 0-8 T, 9-¢
67 = - 3 . L 3 t21)
ig LR Te) IS LRIy
. 93¥d(8‘
and

2T }e-vl)x'(b)

'.) R IR ]
R e

- t]
}TF {¢ 93)3 (2}

- * ipu w-.x?grﬁyra-s . (22}
03)#54‘
where ) ip ) .
AR ES I o #éx (9} (5

3

and 3 = #{2) i3 dofinsd by {6}, The
agnaaptxnﬂ cf gorn veloeitiep at the
boqtnn;nq 1.3 { eaancd motion kad clzas-
fnated ¢

Yree Metion.- The exit pin
#iides along the ptarwheel tooth face
unt:d the tw udits bedoie eohgeged.

The equationt of motion for thin
r%ase of the #ctich ate

‘s* *Ts v NV
. . 28y
which ®way be integrated to yicld
o+ L ¥ ns ’
- . ¥ A - e &
9 [ Y !s {2 ?‘5 R i‘ s {2%)
» . ”’

RS !j LAk TLECIR PRt AL Y {2¢3
R




At the end of this phase of
motion, tha entrarce pallet pin impacts
with another starwheel tooth. The
fraction of engagement P is again un-
knewn.

It is assumed that after some
transient perind, there will exist a
steady state motxon that will repeat
itself, i.e. + A and $ = ¢3.
This is verzfxgd by experimantal
evidence.

B, Damping Due to the Escapement
Mechanism

The damping torque exerted by
the pallet assembly-starwheel combina-
tion on any mechanism with which it is
used may be determined by solving for
T.. the torque required to drive the
s¥srem.

In each of the coupled and free
motion phases it has been possible to
obtain an exprression of the form (See
(143, {17}, (21} and (2%))

Ts « Clo}e® rpa(o; (27}

Use of these equations to oxpress
the damping would be unmanageshle in
practice since thare (¥ generally a
lsrge nuaber of complete encounters
which msust be vonsidered in oppxxca~
" tipns,

It i3 propuicd tu rufrlace those
axpressions for the retarding Lordue by
3 SiBilar expredtion with asvetage, cvon-
srant coefficicnts O and Bp. [Expeti-
sental evidence also shows that the
average running rate, €, is proportioaal
to T/ 2j. Buch sn oxprossion would be
valid for the entire motiont

rsacé* * T8, 128}

In rdesr e determine the ptopef
values for Cp and By it i neconaafy to
calculate the mean sguare angular
velotity of the starwhecl I[nr one com-
plete erncountes:

RS
£ « ;.__37;- 75"49)49 1y
FE N

%

vhere the range of integration ix
divided into the four intervals
corresponding to the enqaged and free
phases of the motion., The integrands

. are given for sach ot the inteqrals by
{34), {17y, {21) and (25) respoctively.

The integrations for the free
motion phases are easily performed.
However, the complexity of the inte-
grands given by (14) and (21) . :quire
the xnteqrals to be approximatea., Since

<0489 and 6-63, 6440640, are
smai\ q antities, the inteqran&s can be
expanded in Taylor series in 6-8) and
0-03 respectively and the series iante-
grated term by term., (Calculations for
typical mechanisms indicate that reten-
tion of quadratic terms in 6-93 atc.
yields 95\ or better acecuracy for the
integration.)

Performing_these operations the
expression for 8° is found to be:

2T

i1, s _
9 - 15 ¢ (vll 2"-3'9‘)
) ZTP
‘_i“'— G (.’lb:' 0'30'~") . {30)
b3
where
. 3 P2 -»*:1) ‘H Hyte '“1
St ,m"rm' ) "‘rmm

- h. i - ¢
(izw’ YlE -9 {ey-e,)

LR

[ 3

2

*
A4

(-0} 4X. X fo -2 )
IR Rl o TRt Mt 1) N
FOE ITEVEYY

(l& i )(n (&1 );'
s” C & 4
» .\.--..T.\\x‘ ‘._ 'y“'-‘"' ‘ {14
ansd
oy it '“1’ th A
2% pizrrtii Vi,

.Vld - )" 'Y .
2 .‘-..A’. 1 - 1-\ [
3 T

{«3-011(9:-a‘)

» ‘...-__u_i_.\i{;_ AAAAA P
to <6 )¢t

.8 )“s
17'!3) (xl ¢

) (-‘-ﬂ))xi L - (xém .
) iox§
('&s'r )“) l

‘~z- {32}

vhete prirwre denote differentiation
with respeet to *.

»
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Solving (30) for T, and comparing
this expression wich that“obtained by
integration of (28) with respect to 6
over the same range, the following
definitions are obtained:

CE = IS/ZG1

(33)
Bp = G,/G;

The amount of retardation exerted
by the pallet’ assembly and starvheel is
seen to depend on the fraction of en-
gagement, P, through 6; and 63 ard on
the geometrical and inertial properties
of the units through H(6), X(6) and
¢{8).

It should be noted that the
quantities 1+H?(6) and 1+4X?(8) as well
ag the derivutive of each with respect
to 9 are important in the damping. An
increase in any of these guantities will
cause the damping to increase. These
cannot be arbitrarily increased how-
ever. Further analysis including the
effect of friction forces between the
pallet pins and starwheel faces shows
that the drive torque may not be large
enough to initiate motion if they are
tuo large [€].

Th.: expressions for the damping
coefficients and effective linkage
ratios have been used to examine the
sensitivity of thcse quantities to
variations in the geomatrical parame-
ter., The range of variation was
limited ! manufacturing tolerances for
existing mechanisms. All quantitius
ware foune® to be mor. sensitive to
changes in the pallut nin locations
{2 and S) than the other geometrical
parameters. The half angle, v, of the
starwheel tooth was the next most
scnsitive parameter.

Figure 2 shows calculated valucs
for Cg and B, as & function of the
fraction of Engagoﬁ motion, P, over the
untire theorutical range 9J5b¢l.0, For
a stoady state operation of the mecha-
nism, the fraction of engagcment 18
conritant., I.aerest is therefore
centared un one valus vach for Cp and
Bg at that value of P. Values shown
in Figure 2 are for the runaway escape-
ment mochanism contained in the M125A1
booster safety and aiming mechanisn
{6 & A) currently in use in ordnance
applications, (5]

4.0

4
CExlo

3.0

2.0 6.8

1.0L

I L ur § & 0
0 0.2 0.4 0.6 0.8 1l.0P

Fig. 2 DAMPING COEFFICIENTS
KINETICS OF A SAFETY AND ARMING MECHA-
NISM

In order to evaluate the proposed
mathematical model for the damping
action of the runaway escapement it is
necessary to predict the operating
behavior of a unit containing the
escapement, investigate the behavior
experimentally, znd compare the pre-
dicted and measured values defining
this behavior, The M125Al1 S&A was
chosen for this task, The quantities
to be compared are *the time-to-arm and
turns-to-arm where the latter ia the

product of the form>r and the spin speed

of the entire S&A.

This unit has a spin-driven rovor
agsembly (the rotor is pivoted ahout an
axis not passing through its certer of
mass), the motion of which is retarded
by a runaway escapement mechaniam
connected to che rotor throuyh & gear
train. rhe equation of motion for the
rctor has boen shown to be (5]

e

IRW + PI + R, +

FrtepnM (34)

where M is the rotor driving torque, R
is the incrtial rosistance of the QOarx
train and starwheel, Rp i8 the friction-
al resistance of the gear train, and y
is the displacemer: of the rotor. RE
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is the resistance due to the escapement
action. It is the previously obtained
damping torque multiplied by the net
gear ratio for the gear train including
an estimate of the efficiency of meshing
action of the gears. It can be shown
that

R, = cy? (35)

where C is proportional to the damping
coefficient CE'

After a short transient phase
(compared with the total running time),
the angular acceleration of the rotor
becomes quite small and may be neglected
without substantial error [5]. Egquation
(34) may be written as

cy? = n?(a siny - u(F+B))-M (36)

where n is the spin speed of che S&A, B
is proportional to Bg, F is related to
the frictional resistance torque, Rp,
My is the torgue required to initiate
motion of the rotor, u is the coeffi-
cient of friction at the pivots and A
is related to the moment arm for the
driving torque. (For details of the
derivation of these equations and
definition of the above constants see
{5-6].)

Define
siny = 1-2k? sin?8 (31
where
(F+B)n? + M
P O o
k 3 (1 AT ). (38)
0<k?~1
Using (37) in (36), one can
obtain
Fd
(g%) = 1-k? sin?g (39)
where

,’n A
1 =t 3 (40)

Equation (39) may be integrated
to yield

=1, * K{B,k) - K(Bo,k) (41)

where K(8,k) is the Jacobian elliptic
intngral of the first kind {7]).

Using (40) and assuming o * 0
at 8 = 8., one can obtain

e= T (kgm0 - k(800) (42

where 2 is related to ¢ through (37).

The time for the rotor to com-
plete its motion, i.e. t = tp, ¥ = ¢
is thus given by ({42) with B = B.. he
number of turns or rotations of Ehe
entire S&A during this motion is simply
nt
F*

The angular displacement of the
rotor can be obtained as a function of
time from (42) using (37) and the
identity [7)

sn{K(R,k)) = sing {43)

where sn is the Jacobian elliptic sine.
The result is given by:

¥ = % - Zsin'l(k sn(ntJ’zx—;-

~x(e°,k>)> (44)
0 = tost,stF

Figure 3 shows the calculated
values for turns-to-arm versus spin
rate for 95% efficient gear meshes and
for a coefficient of friction at the
pivots of 0.15.

44

42 \\\“‘-~———-_._. P=0.8
l4° K
'B \—-P‘O--’
%]
£ 38
E \\*
] Ps 0.6

36

0180360 360 400
n(rps)

Fig. 3  THFORETICAL TURNS=-TO-ARM
VERSUS SPIN SPEED

131

Sexaesa\aiorn d

NNV RN




It should be noted that an in-
crease in P of 0.1 yields an increase
in the minimum turns-to-arm character-
istic of 2 to 3 turns. Similar in-
creases can be effected holdinyg P con-
stant and increasing the coefficient of
friction by 0.05 or by decreasing the
efficiency of the gear meshes by 1lt.

The curves of Figure 3 have P
as a constant value. However, it is
expected that the fraction of engaged
motion depends on the drivirg torque
and hence on n’. As the sp.n speed is
increased, the starwheel has a greater
acceleration during phases of free
motion and catches up with the pallet
sooner. The.efore, P is of the form

P=P, +6Pnt , 6P>0 {45)

Figure 4 shows the effect this
relation would have on the turns-to-arm
characteristics for P, = 0.5 and
6P = 10-5, The magnifude of the value
for P, was obtained from analysis of
high-gpeed movies (.0,000 frames per
second) taken of laboratory tests of
the M125A1 S&A. These movies along
with a numerical solution of equations
(14), (s5), (17), 18, (21), (22),
(25) and (26) for the condition that
the angular velocities were zero at the
beginning of engaged motion provided an
estimate of §P. (It should be pointed
out that the numerical analysis showed
the values of P to be greater than one.
This is probably the effect of the
assumption that the angular velocities
are zerc at the beginning of engaged
motion.) Also shown in Figure 4 are
the results of the laboratory tests.

5 :8 \ The;.
3
:

36
34 .
4 " " A
100 200 300 400
n(rps)

Fig. 4 COMPARISON OF EXPERIMENTAL AND
THEORETICAL TURNS-TO-ARM VERSUS
SPIN SPEED
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DISCUSSION

While Figure 4 shows good
agreement between calculated and experi-
mental results it should be recalled
that there are several parameters which
need to be estimated and these can have
a profound effect on the final results.
Fortunately, only the value of P is an
unknown for the damping calculations.
Thus proposed designs for a runaway
escapement can be evaluated and com-
pared using the proposed damping model.

In an effort to further vali-
date the damping model, another escape-
ment mechanism, the M125a123, which has
been built for possible ordnance use
was also tested and the results com-
pared with predictions using the pro-~
posed model. In this case the nmodel
predicted only 40-45% of the turns-to-
arm [6). This result is unacceptably
low and indicates further work is
necessary in the development of an
accurate model for the damping of a
wide range runaway ascapement mechanism.
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PREDICTION AND EXPERIMENTAL TECHNIQUES

A METHOD FOR PREDICTING BLASI LOADS

DURING THE DIFFRACTION PHASE

W. J. Taylor
Ballistic Research Laboratories
Aberdeen Proving Ground, Maryland

three-dimensional cases,

Recent work undertaken by the Ballistic Research Laboratories was directed
toward Improving the accuracy of the predicted load-time diagram for simple
structures so that more predcise calculations of structural response could
be made. The established prediction schemes do not differentiate between
two- and three-dimensional structures so this is the area of primary
interest in this paper, The results of this analytical and experimental
investigation show substantial differences in loading between two- and

A method for determining the load during the
diffraction phase is presented and compared to experimental data.

INTRODUCTION

In the early 1950's laboratory and field
experiments were conducted to define the blast
loadine on structures. The work of that ers
was synthesized by contractors to the Corps of
Engineers and published in a Corps of Engi
ncers Manual EM 1110-345-413, "Design of
Structures to Resist the Effects of Atomic
Weapors." This work received wide distribu-
tion and in 1965 it was republished as a
Dept, of the Army Technical Manual TM5-856-1,
It has served as a vory useful document for
both the designers of blast hardencd struc-
tures snd for those having responsibility for
vulnorability studies., Vulnerability work and
present day design requirements indicate a
degree of accuracy that is beyond the scope
of this document, For such studies one should
know the load history at any point on a
structure. Complex computational techniques
can provide this type of resolution for two-
dimensional structures and work is progressing
toward solving such problems on three-
dimensional structures, The requirement for
precise point loading information doos not
relieve the requirement to provide more pro-
cise average load-time histories and this
paper is aimed at giving the problem solver
a simple, but more accurate method for osti-
mating aversge blast loads on the front and
rear surface of structures,

Figure 1 {llustrates the tochnique out-
lined in the technical manual for determining
sverage loads on the front and rear surfaces.
As one can see, one of the more important
calculations made whon determining the load-
time curve on a structure is that which
determines the length of time that some com-
ponent of reflected pressure persists on the

Preceding page biank
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structure, This time is referred to as clearing
time, t., and as determined by the technical
manuzl {8 33/ag, where S is either the height
of the structure or one~-half the width, which-
ever is smaller, and ag is the speed of sound in
the reflected pressure region on the face of the
model, Some design manuals use U, the shock
front velocity just prior to shock front imping-
ment on the structure, instead of ag. The
difforence between U and ag is small at low wm
presyures so it makes littie difference which
value is used, At pressures zhove 20 psi hosver
the differences exceed 15 percent.

On the rear of the structure the average
rear surface pressure is determined from the
equation

Foep, Sy (1epra)e?)
wvhere B« .SP’/po, Py * atmospheric pressure

The time, t),, required to reach the pres-
sure is given by the equation

tb « ‘S/CO

wvhere S is the height of the structure or one-
half the width whichever is smaller and ¢, is
the speed of sound in air before shock arrival.

If we examine the clearing time equation
we soe that two targets that are widely differ-
ent could have the same aversge load, If the-
hoight for instance,wns the lisiting dimension,
then any width greater than two times the heigt




would not change the average load., We know
from experiment that this is not the case,
Also, on the rear surface the equation which
gives the rate of rise to maximum pressure is
insensitive to shock overpressure since it
assumes pressure disturbances to be propagated
at a speed equal to the speed of sound in
ambient air.

ANALYSIS AND EXPERIMENT

With these current prediction techniques
in mind we performed a simple analysis and
conducted a shock tube study which was aimed at
observing the differences between average loads
on two- and three-dimensional models, The
analysis shows that the rarefaction wave ac-~
tivity on the two-dimensional target is less
than on the three-dimensional target during a
fixed time interval, These wmes travel at the
local speed of sound and set up the flow from
the zone of high pressure to one of lower
pressure near the free edges., A structure with
either a large or small height to width ratio
receives a very different unloading pattern
than one with dimensions which are equal, or
near equal. This is illustrated in Figure 2,
which shows six rarefaction waves crossing in
the clearing time T, on a structure with a
height to width ratio of 1/2 and four on the
structure which is very wide,

The experimental program to investigato
the difference in loading between two- and
three-dimensional structures was conducted in
the square test section of the BRL 24" shock
tube, A steel model was instrumented with
three plezoelectric gages on one face, The
gages and their positions on the mode! remained
unchanged during the experiment, but the model
was turned 180 degrees for observing back face
loading, The threc-dimensional model was con-

_ verted to s two-dimensional wodel by adding
wood blocks to fill the space between the model
and shock tube wall, Figure 3 shows the
various test configurations, Shock pressures -
of 5, 10, 15 and 20 psi were applicd to these
test configurations and the data were recorded
on vscilloscopes, .

An attespt was made to position the gages
“on the mode! so that an average pressure during
the diffraction phase would be obtained by
cosbining the records, The front surface of the
wode] was sectioned as shown in Figure 4A and
gages wore placed at the centroid of the srea
A, Cand D as shown in Flgure 4B, Position A
was given a welght of 2, and C and 0 ecich a
weight of | in  an sveraging channel which
combined the gage output and displayed them as
a single record, Fuigure 5 shows the records
made from a typical shot along with the output
of the sversging channel. The averaging chunnel
was consiu.i~d to describe the sverage load on
the face and was used in the comparison of
data throughout the program,

Figure ¢ shows separate wave diagrams
for the rarefaction waves coming from the top
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and sides of the three-dimensional model sub-
jected to a 5 psi shock wave. The rarefaction
wave speed used is that of the speed of sound
in the reflected gas zone. Gage position A is
swept by a rarefaction wave emanating from the
tip of the model at 140useconds and this is
reflected from the ground surface and again
sweeps the gage position at 400 useconds.
Similar signals from the sides are received at
50 and 450 useconds, Arranging these in the
order of their occurrence produces a signal at
50, 140, 400 and 450 useconds. The first two
are readily identified in Figure 7. Positions
C and D receive their first signals at the
same time, 140 pseconds from different edges
and are also readily identified. Each rare-
faction wave that passes contributes to the
unloading but when the individual gage posi-
tions are summed, the passes are as seen in
Figure 5, less distinct,

The wave diagram in Figure 6 can be used
to identify the shock or compression wave
interactions on the rear surface at the 5 psi
level whore the pressure wave propagation,as
determined from the experiments, is nearly the
same speed as the ravofaction wave speed.Figure
8 shows records from the rear surface with time
beginning when the pressure wave starts down or
across that surface. Position A receives a
pressure pulse at approximately 50, 140, 400
and 450 pseconds, but these waves exhibit a
compression rather than a shock rise time so
the pressure peak occurs later in time. The
srrival times after the first wave are actuslly
somowhat longer or shorter than what the wave
diagram shows because of the direction of
particle flow. Positions C and D exhibit near
identical patterns, as they should snd demon-
strate that the mirror insgo barrier is a valid
substitute for s ground plane,

The strong intersctions at Positions C and
U are somewhat balanced by the dip in pressure
at Position A on the average pressure plot.
Position A, which is clase to both the top and
side edges, has been influenced by the vortex

. generated by those edges. In genoral, the rear

surface loading ls quite non-uniform and, hence
more heavily averaged than the front surface
loading,

A, Lxperimental! Results-Fromt Surface

~ Figures 9 and 10 shov the df fferences in
front surface loading botween the. two- and three-
dimonsional models for the nosinal shock pres-
surex of 5, 10, IS and 20 psi. The input shock
pressures were not precisely the same as the
nominal pressure levels, and the difference is
indicated by the slight difference in reflecton
factor and two valuos of stagnation pressure
ratio,  These figures show that the threc-
dimensional model s move swiftly relieved of
its reflocted pressure than the two-dimensional
model, Notice that the pressures go below the
stagnation pressure level on the throe-
dimensional mide] at 5, 10 and IS5 psi level and
remain there for about one croxsing time before
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returning to the stagnation pressure level,

The records from the three-dimensional
wodel show a pressure jump occurring at about 3
or 4 crossing times, This is caused by the
reflected wave from the model interacting with
the shock tube wall and returning to the model,
The records at this point and beyond in time
are not considered representative of the free
field case, For the two-dimensional model this
reflection occurs at a time later than what is
plotted and so these records are considered
valid for the times plotted,

These records of front face loading show
that clearing time, or time for the reflected
pressure to decay to stagnation pressure, is
something other than 3S/ag . The three-
dimensional model clears faster than the two-
dimensional model and the stronger shocks
require mure crossing time than weak shocks. In
fact, the two-dimensional wode! does not reach
stagnation pressure during the recording time
at the higher shock pressure levels, Figure 11
shows a plot of percent of stugnation pressure
remaining after a time 3S/ag and points up the
error that is introduced in a loading calcula-
tion if that criteria is used,

In an attempt to relate the rarefaction
wave activity with the awount of unloading, the
records shown in Figures 9 and 10 were ruplotted
with the time base changed to number of rare-
faction wave crossings, This, in effect, expands
the time axis for the threc-dimensional model
by a factor of 2, This replotting, shown {n
Figures 12 and 13, shows the correspondence
between pressure change and nusber of rareface
tion ~wave passes, and the wgreoment is rather
good for the first four crossings. The fifth
crossing on the two~dimonaional model occurs at
sbout the time limit of the records, but :rom
Figures 9 and 10 one can 3c¢ that the pressupe
fevel s approaching the stagnation proiasure,
On the three~dimensional model interactions of
the two wave systems on all bur the 20 paj shot
cause the pressure to temporarily be reduced to

a value helow the stagnation lavel a® shout the
ﬁfth crossing. The pressure is covenlually
returned to stagnation pressure by & cuapres-
sion wave which the depression cicates or &
~reflcction from the shock tube w- | if that

occuts sooner,

The curves in Flgures 12 and 13 suggest
that 3 load-time hisiory can by estadlished by
counting the raretaction waves, An average .
curve was then drown for cach pressure leve!
and a plot was vag: (Figure 14) which shows
the percent of b flected pressure remaining
after cach raref ction wave pass, The tendency
for the tuo-disensional and thrve«dimenr onal
data to scpara ¢ at the fifth rarefaction wave
crossing 1% nt ¢ then exhibited and both sets
of data show the pressure approaching stagna-
tion pressure st the time of the fifth
rarcfaction. This is a com.romise which dilutes
accuracy but grostly simplifies making a load
time cstimate,

B, Experimental Resultx-Rear Surface

Figures 15 and 16 show the difference in
rear surface loading between two and three-
dimensional models for the four pressure levels,
The time unit is thut taken from T™ 5-856-1,
and according to that publication, four such
time units are regired before the maximum
average rear surface pressure is achieved.
These data show that the maximum pressure is
achieved in about 2-1/2 time units and that the
three-dimension ' model achieves a higher
pressure than does the two-dimensional model.
This is not surprising since the wave diagrams
show the three~dimensiuvral model has more com-
pressional wave inter=:tions. Figure 17 is a
plot of the xverage rear pressure ratio at 2-1/2
time units on both wodels as a function of
input pres:ure.

CONCLUSINS

This investigation showed that target shape
has a significant influence on the load time
history. A very high or wide building has:

8. Pressure in excess of the stagnation
prassure at the time 35/ag.

b. Maximum pressure that is achleved on
ths rear su.face occurs in about 1/2 the time

‘predicted from TN 5-356-1.

_6n the structure that has a height to width

ratio vesr 1/2:

a. Stagnation pressure is achieved on the’
front prior to the time 35/3,

b. Pressure on the rear is somowhat higher

thoa predicted and achieves its level in about
i/. the predicted time,

1€ the results of this study are applied
Lo a strycture without thickness, the net force

.curves thown in Figure 18 are cbtained. The .

solid lines are the constructed curves and the
dathed lines are those obaained from the pro-
cedure outlined i{n the technical manval, for
the éase shown, a § psi shock, the ispulse
delivernd during the time 35/; is 38 percent
less than what would be pwdlcud by current
procedure, on the thrve-dimensional model and
29% fess on the two-dimensional model.
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DISCUSSION

your

large scale tests ? By putting the model in the
shock tube you partially constrict the flow, Con-
sider the two extremes. In a closed shock tube
a shock will be reflected as & shock; in an open
ond tube the shock will be reflected as an ex-
pansion. Now in a partially restricted tube it
may go either way. Can you commaont ?

nr. lor: Yes. A great amount of care
went program and the model size
m«.«aummmmtmmun
do not returs until just about the end of the
load-time curve. At about 900 milliseconds,
the signal at the end is from the side walls and
on the two dimensional data it does not get back
at all, in our testing time, We were quite care-
ful to make sure thal the experiment was yot
contaminated by side wall effecte. Now, how
doss it compare with large scale field data?
Unfortunately the suclear data are poor; most
of it was obtatned when instrumentation was -
something loss than the best. The durations of
the 500 ton explosive tosts that have bewn nn
in Canada are too short for the size of the
structures uit are used &0 that &t is not 80
. discernible. We really neod another big nu-
clonr fiekd teat (0 be able to make A valid com-
parison,

My, Sallst: Mave you changed the size of
the _

Mr. Taylot: We kave done that but aol ox
'thhp'iﬁ}" % eperiment, We sutpect there
is posaibly a model sizs eifect, but it ocours
on that gauge which {s very close to Lhe edge
of the motlel. The very suddes dip on the back
side we {cel was under the influence of a vor-
tex. The averaging procedure here would tend
to mitigate or 1o relieve that somewdat. :

m. M avr} ﬁuanh and Devel-

Saliorhat, & 500 tou charge was exploded on
the beach, and NSRDC had momnted two ful)
aize deck houses o the deck of a cruiser, We
put numerous rreasure gauges un both deck
bhouses and we trisd to ccrrelate the loading
with the of the structure. Oue of our
probisms has been t> obtain & correlation
between the messured stresses 3nd the shear
strosaes in (he transverse bulkhisads of the
Jeck house by using e standard loading for-

" mula, and we have gone to quite a complax

amalyais of the structure. We developed a
compiier program which wouid handls about
1000 degrees of freedsm and we have a con-

ones. It is in the right direction; the measured
stresses were about £0F Jower than the pre-
dicted siretses, and if # turns oul Ot 24 Mr. .
Taylot has indicated we have about 8% loew
lnd,lﬂsawous!oramamdm
errors.,

Mr. Witt (Bell Telophone Laborstories):

We bave some shock tube AnG full scaie temt

shafi, We produced a scale model of s, ¢
inches on the side, 1sd Insertad it adjcialg
s shock tube, which o smaller than the one

g

' Mr. Taylor usod. We were sbie to duplicate the
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in the field thate is an Inflalte expanse to act
as & reservolr {or the pressire wave. We ad
s relattvely small resetvolr in the shock tube
and in this case we were unible to make the
mothe] small eaough (o elitninate all sidewsl]
cilects. However, the resulis weid alinowt
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DRAG MEASUREMENTS ON CYLINDERS IN EVENT DIAL PACK

Stanley B. Mellsen

Defence Research Establishment Suffield
Raiston, Alberta, Canada

overpressures of 5.9 to 20.5 psi.

The free flight method was used to obtain drag measurements on
circular cylinders in the blast wave from a 500 ton TNT burst. Cyl-
inders 3-1/2 to 12 inches in diameter were tested at peak incident

Drag pressure, drag pressure impulses and drag coefficient were
evaluated and tabulated. Transition through critical Reynolds and
Mach number regimes were both observed and described.

NOTATION

X horizontal displacement of cylinder

t time after shock front hit cylinder

D drag force acting on cylinder in blast
wave

m mass of cylinder

a acceleration of cylinder

v velocity of cylinder

u fluid particle velocity in the blast
‘wave at time t :

Uy fluid particle velocity directly behind
the blast front (t=0)

p peak incident shock overpressure

Pi atmospheric pressure

C; speed of sound in the air ahead of the
blast front

F Friedlander pressure decay

t, positive duration of hlact wave

ap fluid particle acceleration in the blast

vave
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B A

coefficient of drag
drag pressure
drag pressure impulse

average drag pressure evaluated from drag
pressure impulse

dynamic pressure at time t
dynamic pressure at time t=0
flow Mach number in blast wave

speed of sound in the:blast wave at time
t

atmospheric temperature ahead of shock
front

gas constant

specific heat ratio

temperature in the blast wave at time t
temperature behind the blast front at t=0

absolute pressure behind shock front at
t=0

absolute pressure in blast wave at time t



Re Reynolds nunber

d cylinder diameter

v kinematic viscosity at time t

a, acceleration coefficient

a3y acceleration of fluid relative to cylin-
der

INTRODUCTION

In Operation PRAIRIE FLAT [1], a project
was initiated to measure the aerodynamic drag on

circular cylinders by the free flight method [2].

The project was based on the necessity of pro-
viding knowleage of blast loading for structural
analysis of the lattice type masts, also tested
in the trial [3] and for gaining knowledge of
aeradynamic drag in the little explored unsteady
flow regime behind a spherical blast wave. In
Event DIAL PACK held at DRES on July 23, 1970,
the free flight method was again used to measure
the aerodynamic drag on cylinders using seven
cylinders as compared to two as in Operation
PRAIRIE FLAT. In addition to following the mo-
tions of the cylinders by means of high speed
cameras, transducers were also used on all the
cylinders to measure their velocity directly.
This essentially cave the total load impulse as
a function of time. In this way only cne dif-
ferentiation was necessary for obtaining the
acceleration and hence the drag force applied to
the cylinders as compared to the two necessary
for the camera displacement. The lattice type
masts whirh had beenr tested in Operation PRAIRIE
FLAT were tested again in Event DIAL PACK but at
higher overpressures and six of the drag cylin-
der setups were placed near them so that the

measurements made could be used directly in the

structural analysis. .In addition, basic infor-
mation about drag in unsteady flow at these
higher overpressures was derived. The seventh
cylinder was placed at a much lower overpressure
adjacent to the GRP (Glass Reinforced Plastic)
topmast {4] to provide loading information for
that structure.

Finally, then, the purpose of the experi-
ments reported herein was to obtain information
about aerodynamic drag on seven circular cylin-
ders covering the overpressure range of from
about 6 to 25 psi.

APPARATUS AND PROCEDURE

{a) Test Cylinders and Mounts

Each of the seven test cylinder setups con-
sisted essentially of a circular cylinder rest-
ing parallel to the ground on the ledge of a
base anchored solidly in the ground {Fig. 1).
The location, size and weight of each cylinder
is given in Table 1. Also given are the posi-
tions for which camera coverage was used and the
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adjacent structure for which loading data were
provided.

The large cylinder at the 5.9 psi location
was constructed of sheet steel, spot welded to
circular steel end plates and internal stiffen-
ers. The support shafts were 1/2 inch diameter
steel rods along the axis of each end of the
cylinder. These were welded to the end plates
and the first internal stiffener which acted as
a hub. The remaining internal stiffeners con-
sisted of circular steel rings placed at 30 inch
intervals. Their thickness was such that they
counter-balanced the masses of the end pieces for
the purpose of preventing possible beam vibra-
tions. The cylinders at the 11.0 and 14.3 psi
locations consisted of schedule 80 Al pipe with
1/4 inch thick aluminum end plates. Each sup-
port shaft was a 1/2 inch diameter aluminum rod
passed through the end plate along the axis of
the cylinder and welded et its inner end to a
disk pressed into the cylinder. An aluminum disk
1-1/2 inches wide was pressed into the middle of
each of these two cylinders to balance the end
masses. The four cylinders at 17.0 and 20.5 psi
were solid aluminum rods with 1/2 inch diameter
steel support shafts pressed into holes drilled
in each end of the cylinders. All the support
shavts were machined with a small flat on which
the cylinder rested to keep it from rolling.
Each cylinder to be used with camera coverage
had alternate quadrants of one end painted black
and 'white for fiducial marks for film reading.
The surfaces of the cylinders were smoothed so
that there were no rough spots to disturb the
flow pattern around them. The steel cylinder
was painted to prevent it from rusting before
the trial took place.

Each mount base consisted of two parallel
vertical steel plates 1/4 inch thick bolted to a
steel footing plared in concrete in the ground
(Fig. 1). The plates were 36 inches-long, 30
inches high and were spaced apart a distance
equai to the length of the test cylinder. A
scale consisting of alternate black and white
stripes two inches wide was painted along the
top edge of the base plate facing the camera to
provide a distance scale in the film record.

Two extension plates were bolted to the top
of the base plates at the ends nearest the oncom-
ing blast wave. These plates had gimbals welded
to them in which velocity transducers were clamped.
The velocity transducers themselves are described
in the following section. The extension plates
also contained the ledges on which the cylinders
rested by their mount shafts. The gimbals and
Tedges were lubricated with silicon grease so
that the friction forces were reduced to negligi-
ble quantities in comparison to the drag forces.
To prevent disturbances of the oncoming shock
wave from interfering with the flow the front
edges of the areas of the mount facing the shock
wave were tapered so that the shock wave could
pass smoothly between the plates which themselves
provided high ridigity and low frontal area.
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Fig. 1 - Free FYight Drag Cylinder and Mount.
TABLE 1
Size, Weight and Location of Test Cylinders
Cylinder
L T Peak Incident | Height of
Location Diameter Length Weight Overpressure Axis Above - | Camera Adjacent
Number in. in. 1b. psi Gr?und Used Structure
n.
1 12.00 120,13 107.60 5.9 45 Yes GRP Top Mast
2 1 3.49 60.00 19.11 1.0 ' 34 Yes |15 ft Lattice Mast
3 3.49 60.00 19.07 14.3 34 No None
4 3.49 60.00 57.09 17.0 34 Yes* 130 ft Lattice Mast
5 4.88 60.00 | 111.31 17.0 34 No 30 ft Lattice Mast
6 3.49 60.00 56.82 20.5 34 No 30 ft Lattice Mast
7 5.73 60.02 157.90 20,5 34 No 30 ft Lattice Mast

* camera failed to operate

159




INSTRUMENTATION

The velecity transducers for measuring di-
rectly the velocity of each cylinder as a func-
tion of time were based un the principle that a
permanent magnet travelling through a coil pro-
duces a voltage which is directly proportional
te the velocity of the magnet within the coil.
A pair of transducers connected in parallel was
used on each cylinder so that the voltage out-
put was proportional to the average velocity cof
the two ends of the cylinder. The transducers
used at all locations other than that at the
lowest pressure level were Hewlett Packard Modei
LV (syng 6LV4 with 2 4-inch nominal working
range. The cylinder at 5.9 psi had Model oLV2
transducers installed which used only a 2-inch
nominal stroke. The magnetic rod in each trans-
ducer coil was extended by a brass rod fastened
to an aluminum eyolet which passed over the
shaft on each end of the cylinder.

The output of the transducers was suffic-
iently high that no amplificaticn was necessary.
The output of each transducer pair was simply fed
through a potential divider consisting of two re-
sistors mounted on the outside of the base plate
intuv a strain gauge cable passing underground to
the recerding bunker. The strain gauge cable was
connected to a magnetic tape recorder and the
voltage-time output recorded.

The transducers were calibrated by two dif-
ferent methods. Before the trial they were cali-
brated by an electro-mechanical weans which con-
sisted basically of shaking the velocity unit and
comparing the output voltage to the velocity
measured by a standard accelerometer. The sec-
ond method consisted of integrating voltage-time
data cbtained during the trial and comparing this
to known displaccment-time characteristics of the
transducers. The details of both methods are
described elsewhere [5]. Three of the cylinder
setups were equipped with cameras to follow cyl-
inder motion. Fastair cameras with a nominal
operating speed of about 600 frames per second,
were used at Locations No, 2 and No. 4 (Table 1),
A Photosonics camera, with a nominal speed of
1000 frames per second, was used at Location No.
1. Each camera was mounted at the height of the
cylinder on a wooden post anchored solidly in
the ground. The axis of the camera was oriented
perpendicularly to the blast direction. The cam-
eras were placed so that their fields of coverage
would allow about two feet nf cylind.-r motion to
be followed. This corresponded to roughly half
the positive duration of the pressure wave, the
interval of greatest interest. This provided for
maximum displacement resolution in the film data

" for studying the motion of the cylinder during
this time interval. The drag forces beyond this
time would be very small and also the dynamic re-

" sponse of the structures under test was most

greatly influenced by the earlv part of the wave.

The speed of each camera was monitored by means

of electronic timing marks placed on the film at

100 usec intervals.
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DAYA ANALYSIS

The voltage-time data obtained from the vel-
ocity transducers and recorded on magnetic tape
during the field trial were converted from ana-
log to digital form after the trial. Most of
the high frequency noise was then smoothed out
and the curves were fitted to the filtered data
using & program in the IBM Statistical System
entitled Least Squares Fitting to Orthogonal
Polynominals. The fitted curves and the data to
which they were fitted are shown by the smooth
and wavy lines respectively in Fig. 2. The gap
in tha data curve is due to a characteristic of
the transducers. This is descrided in detail
along with a description of all the data analy-
sis elsewhere [5].

Curves were also fitted to the camera dis-
placement-time data using the same procedure.
The fitted curve and the data to whizh it was
fitted (each point shown by an “x") along with
the velority and acceleration obtained by dif-
ferentiating the fitted curve is shown in Fig.
3 for Location 1 and Fig. 4 for Location 2.

RESULTS

(a) Calculations Used and Detailed Tables of
Results

An investigation was made into the possibil-
ity of evaluating the various flow parameters in
the fluid flow behind the spherically expanding
blast front using the fundamental Taws of fluid
mechanics and thermodynamics along with the
measured parameters. A simple, accurate method
was not found. Therefore, methods were used in-
volving the empirical Friedlander decay, similar
to the methods used previously [2].

The drag force U was obtained by

(Eq. 1)
d2x
datz

D > ma

where m is the mass of the cylinder and a =

was the cylinder acceleration evaluated using the
polynomial curves fitted to the data. The drag
pressure pp on each cylinder was found by divid-
ing the drag force, D, by the frontal area, A,

of the vylinder. Thus,

D
K"

The drag pressurcs evaluated for the 12 inch di-
ameter cylinder using camera data are shown in
Table 2 and for the four 3-1/2 inch diameter cyl-
inders using transducer data, they are shown in
Table 3. Similar tables for the remaintng data
are not included but can be found elsewhere [5].
Also shown in these tables, for each cylinder, is
the drag coefficient, Cp, drag pressure impulse
I, in psi seconds, average drag pressure Ppave,
in psi defined in the sequel, displacement x, vel-
ocity v, and acceleration a, of each cylinder
along with various flow parameters.

(Eq. 2)
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TABLE 2

Re.ults for Location 1 Using Cylinder Motion
Measurad by High Speed Cameras
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3 4 Results for Location 2 Using Cylinder Motion
Measured by Velocity Transducers
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TABLE 3b

Results for Location 3 Using Cylinder Motion
Measured by Velocity Transducers
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TABLE 3c

Results for Location 4 Using Cylinder Motion

Measured by Velocity Transducers
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Results for Location 6 Using Cylinder Motion
Measured by Velocity Transducers
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The drag force impulse was derived from
Newtou's Second Law, thus,

0= d(myv
Integration gives

t t
f Ddt= s dmv).
0 0

Since the muss was constant and the initiai vel-
ocity was zera, this equation becomes

t
; D dt = mv,
o

{gq. 3}

The drag pressure impylse, I, was found by
dividing the drag force impulse, given by Eq. 3,
by the frontal area of the cylinder, thus

1= g. (Eq. 4)
That 13, the drag pressure ixpulse was directly
proportional to the cylinder welocity. The av-
erage drag pressure Ppéve, wp to any spcrmed
time, t, was given by

ppive {- . (Eq. §)
The displtacement x, and velocities v, of
“ the cylinders were evaluated froam the polyne-
wial curves fitted to the camera displacement-
time dats and to the transducer velocity-time
data. The displacesmnt wis Jbtained from the
Tatter curves by means of numerica! inu?‘mon
using Stapson's rule for an 0dd number o fnts
and the trapezcidal rule for evaluating the con-
tribution to the tnu?nl by the last {incremsnt
when the number of points was even. :

T™he fluid velocity directly behind the blast
front (tims t=Q), was obtained from the »quatton
Cwvuf (€a. &)

where uy, the fluld velocity directly behind the

blast front (time t=0), was Obtained from the
- Rankine-Hugoniot relations

uo.%@j‘

where p was the peak shock overvressure,
9; was the atmospheric pretsure,
C; was the speed of sound in the air ahead
of the blast front,
\ -u

tely - %.). 2, the Friedlander pressure
L]

{ta. N

decay rate, giving p{t) « pf,

where t was the time elapsed after the blast
front had passed the cylinder,
t, ws the positive duration of the wave.

The value of p; was 13.57 psi [6]. The
value of k used was 1.0 at tocations ) and 2 and
2.0 at Locations 4, 5, 6 and 7, The value of k
was determined from pressure-time records ob-
tained at the pressure levels of these locations
[7]1. The value of k at Location 3, which was
about half-way in peak incident overpressure be-
tween Location 2 and Locations 4 and 5, was as-
sused to be 1.5.

The fluid particle acccleration a was found
be differentiating £q. 6 thus

uo t
-t:' kf*l‘ {Eq. 8)

The drag coefficient was found by

CD B (EQO 9)
where

e (1= R (tq. 10)
where Qa. the dymic pressure at t=0, obmmd
from the Ranking-Nugonict equation was q!m by

%, '% 79—"!;—’- (€q. 1)

The Mach nusber N of the flow behind the shock
froat was given by

.y : "

where C, wis the speed of sound behind the shock
front obtained from

T

Gy o . {tq. 13}

where C, = VyR T was the speed of sound tn the

stmosphere ahead of the shock Troet,

T, was the stmospheric tenperature sheed of
the shock froat the measured value of
which was 535.19°R (6],

R was the gas constant,

‘ wis the specific heat ratio,
wis ‘the temperature of the flow behind
the shock front appruximited by the fsen-
tropic rcutiomm;

-

where T, wis the teeperature directly behing w
shock front obtained from the Rankine-
Hugoniot reiations and given as follows:

{tg. 14)




(b) Suemarized Results

The average drag coefficient obtained for
each of the test cylinders i3 given for various
time intevvals in Table 4. Tnese were obtained
from the values given at two millisecond inter-
vals as shown in Tables 2 and 3 and averagicg
these values over the specified time range given

~in Tahle 4.

A 1ng-log plot of the drag pressure lcpulse at

" the various pesk incident cverprassures for which

T T 5 (Eq. 15}
1o
where pyo = p + 9, (€. 16)
Py =p; *oF . (Eq. 17)
The Reynolds nusber was given by
| vyl (€q. 18)

whare d was the cylinder diameter
v was the kinematic viscosity given by

A ’ P2e 0.714
TRV k
¢ 187 i
v 10 ) P2o J\Pz ,.fg %
™
{€q.
. where the b, are coefricients {t; obtatnes by
fitting & polyncmial to valuas of v for Lir &

spacific temparatures. The gcieleration coef

t

ficignt, an Indicetion uf the effect ok dreg of

relative sccelerstion detwsen nuw and cylin
dor was given oy

et g

Ry _
where t h tn'al uutmuon deftned by

&

results were obtaingd on 3.49 inch diameter cyl-
inders is given in Fig. §.

DISCUSSION

The values of Cp shown as fusctivas of time
in Table 2 for Location ) and in Table 3 for Lo-
catior 4 indtcate clearly that the flow sround
the cylinder had patsasd from turbulent flow to
lominar flow Reynolds number regimes. This fs
shown by comparison of the draw coefficients and
Saynolds nusbers obtained for ilow ta U Blast
uave to known values for transitioa f& steady in-
compress idle f!ou & atntmym vaiva o the drag
raached hct-un Reynelds aumber 5.7 10% amd
0.1 2 10%, passing to & waximum value of 3lightly

ater than ) hgm Peynolds nusber of 4.3 2
105 and 5.6 x V0% 1a the teme ur{mg fige cf the
patsing dlast wave Tor Locationy 3, & and §, Far
steady fige, oR the other hind, the mais pert 3f

i transition vegine otcurs #pprosteqiely be~

{€q. 20)

of &

twean Reynolds sumber § x 105 and ¥ 2 10%, where
the drag coefficiant cha=ogt froe 3 amtm vélue
afmately 0.} to # wslve of appimxingtely

1.0 {8).  Tha effect of compresdidiVity i yuch
s a4 . (tﬁ 2*) it lﬁ! grey sottficient sns h)’m“‘ purtiee ot
¥ - the traniifisa reglee both Incredte wilh Mach ,
ABLE 4 .
Average Dray Loafficitnts Oves Various liow aanmA
Mr;vp Dray (acmunt
' Peik Incident | Cy)imder }o—- e e e
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number which explains why the values found were
slightly above those known for steady incompres-
sible flow.

It is interesting to note that the drag co-
efficient increased, during a time in the trans-
ition regime, at a higher rate than the dynamic
pressure decreased in the blast wave, producing
a net increase in drag pressure here.

The average value of drag coefficient over
the supercritical Reynolds number regime was
found generally to increase with the peak over-
pressure of the location. This is in agreement
with the well-known steady flow result that drag
coefficient increases with flow Mach number.

In Tables 2 and 3 the average drag pressure
was always found to be higher than that which
would be obtained by averaging the numbers shown
in the drag pressure column for each position.
This is because the average drag pressure was
evaluated fror the drag impulse, which was the
time integral of all the forces acting on the
cylinder inciuding the initial diffraction phase;
while the drag pressure was determined by the
derivatives of smooth curves fitted to the dis-
placement and velocity data. Due to rapidly
changing initial loads, these curves produced
inaccurate derivatives and hence inaccurate drag
load resulted over about the first five milli-
seconds of time. Generally, the effect of
.moothing by the fitted curves was such that
tre curves yielded velocities greater than zero
at time t=0, and lower acceleration in the first
fes mitliseconds than actually occurred.

The velocity of the two cylinders at Loca-
tions 6 and 7, both of which were at the same
and higher overpressure location were found to
decrease with time in part of the time range of
measured velocity. This behavior is shown in
Fig. 2. There are no apparent flow conditions
which can be used to exnlain this behavior be-
cause it implies a force in the opposite direc-
tion to the blast wave over several milliseconds,
which does not seem possible. The cylinders and
stands were carefully checked immediately after
the field trial and no indication of the cvlin-
ders striking the stands so as to slow the cyl-
inders down was found. The drag pressure, drag
coefficient, drag impulse, and average drag pres-
sure for Location 6 is shown in Table 3 only for
the time interval of the first linear output range
of the transducers [5]. Beyond these times the
fitted curves were considered unreliable for de-
termining quantitative results. The fitted curves
do, however, indicate qualitatively that a very
sudden decrease in the drag coefficient occurred.
There is a possible explanation for this sudden
decrease. The supersonic expansion phenomenon
causes a very sudden change in drag coefficiert
in the vicinity of Mach 0,5 at supercritical Rey-
nolds numbers. The drag coefficient drops by a
factor of about 4 as the flow Mach number de-
creases through the critical regime [9]. For
Locations 6 and 7 the high mean drag coefficient
oefore the sudden decrease in cylinder accelera-
tion indicates that the cylinder was in the
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supercritical Mach number regime and the very
sudden drop in acceleration indicates that the
transition regime was traversed. The drag pres-
sures and drag coefficients are not shown in
Table 2 for ti.e final few milliseconds nf the
camera data because the instability of the time
derivatives of the displacement curve from which
they were obtained caused unreliability of the
data here.

Oscillations, the frequency of which was
about 200 Hz, are clearly shovn for Locations 2
and 3 in Fig. 2. These were probably caused by
free lzteral beam vibrations since this type of
vibration had a frequency of about 200 Hz for
both test cylinders, which were hollow and prac-
tically identical in weight and construction at
these two positions. Smaller amplitude vibra-
tions with less clearly defined frequencies are
shown in Fig. 2 for the solid test cylinders at
Locations 4, 5, 6 and 7. These are probably also
mainly due to free lateral beam vibrations. The
velocity transducer data for Location 1 (Fig. 2)
containad large amplitude oscillations which were
probably principaly due to oscillations in the
large thin walled cylinder used here.

The camera data indicated dust free radial
flow at Location 1, with the cylinder travelling
so strajght that both magnets couid be seen leav-
ing the coils on the same film frame. Alsou, nearly
zero rotatfon about the cylinder axis occurred.
The same conditions were observed in the film from
Location 2 with the exception that a small amount
of dust was visible.

The largest probable error in the results
was due to the error in measurement of overpres-
sure. The error in peak incident overpressure
was estimated to be about t 5 percent. This is
less than the error estimated for Operation PRAIRIE
FLAT [2] due to the near proximity and time of ar-
rival detectors from which the pressures were
taken in Event DIAL PACK [7). The value of k,
which determined the rate of decay of the pres-
sure wave was subject to error due to oscilla-
tions appearing in the pressure-records {7] from
which they were evaluated. However, the total
error in the overpressures used in the analysis
are estimated to be lower than 10 percent at all
times after the blast front. Good agreement is
shown in Tables 2 and 3 between canera and trans-
ducer results at the two positions where both
methods were used, which indicated the reliabil-
ity of both. Also the results at Location 2 agree
with the results obtained by the camera method in
Operation PRAIRIE FLAT at the 12.0 psi location
[2]. Good agreement between both methods of trans-
ducer calibration was found for all positions ex-
cept Location 6 where a discrepancy of about 25
percent occurred. The calibration by direct
method. used in calibration of the results at Lo-
cation 6, is reliable because it was done after
the trial and carefully checked for errors after
the di.agreement was found.

The slope of the straight lines in the log-
1og plot of drag pressure impulse vercus incident
overpressure (Fig. 5) shows that the drag pressure



impulse after 10 to 20 milliseconds varied ap-
proximately as the square of the overpressure
(the slope of the 20 ms line yieids an exponent
of 1.9). The results of stra:n measurement on
the lattice masts indicated that the strain in
the masts varied as t.2 square of the overpres-
sure also, and that the gquarter periods of the
fundament.l modes of the large masts were about
12-1/2 milliseconds [i0]. This indicated that
the load imparted to the mast by the blast wave
was directly proportional to the drag pressure
impulse for the quarter period of the fundamen-
tal mode. Consequently, strains in the mast
members in the elastic regime can be estimatad
in the pressure range tested, at least, whan the
drag pressure impulse is known.

The acceleration coefficieri for each cyl-
inder was never grezter than 0.030 in the time
range tested. This indicated that fluid accel-
eration is unimportant because the work of Keim
[11] and Selberg and Nicholas [12] has shown
that the effect of fluid acceleration on the
drag coefficient is substantial only when the
acceleration coefficient is greater than 0.20.

CONCLUSTONS

The high speed camera methed and velocity
transducer method were both found to be reliable
for measuring aerodynamic loading of the circu-
lar cylinders tested in a large spharicaliy ex-
panding blast wave. Drag pressure, drag pres-
sure impulse and drag coefficients obtained by
these methods are listed in Tables 2 and 3 for
cylinders tested at peak incident overpressure
Tocations of 5.9 to 20.5 psi. Also a summary of
zhe drag coefficients obtained is given in Table

The velocity transducer method could be used
at higher overpressures. In future trials new
drag informatfon could be obtained at these 1it-
tle explored pressures.
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DIAL PACK BLAST DIRECTING EXPERIMENT

L.E. Fugelso, S.F. Flelds, W.J. Byme
General American Research Division
Niles, Illinois

considerations.

HE hemispheres.

HE detonation.

A two-ton TNT blast directing experiment was
undertaken to extend the capabilities of the blast
directing technique and to verify the accuracy of
code predicticns and predictions based on scaling
This experiment was conducted at
the Defense Research Establishment (Suffield, Alberta)
of the Canadian Department of National Defense &8 a
part of Operation DIAL PACK.
charges weighing 66 pounds each were distributed over
a semi-circular disx 37.5-feet in radius and detonated,
causing an air blast which was measured by total and
side-on pressure gages placed in the one-~dimensional
flow region and beyond., - On the blast axis, ground
motion induced by tne air blast was also measwred.

The experimental data have been correlated with
smaller yield blast directing data and theoretical
predictions, and compared with datas from larger yield
Thege results show that the two-ton
INT blast directing experiment simulated the air
blast, over a limited area, from a larger yield

Several individual TNT

INTRCDUCTION

The basic concept of the blast directing
technique is that the detonation of explosives
distributed in a planar array can be used to
generate an alr blast whose time history at
a glven peak overpressure will simulate the
blast wave generated by the detonation of a
TNT hemisphere of larger yield. It is well
xnown that for equal weights of explosive
charge, the pressure decsy associated with a
one-dimersional blast wave is much less than
that accompanying & spherical blast wave. Blast
cheracteristics in the first case are similar
to those occurring in a shock tube vhile in the
gecond case they are similar to those produced
by an unconfined explosion. For this reason,
the blast directing techinique can produce blast
effects which appear to have been produced by
a much larger explosive charge than what has
actually been used, This technique therefore
makes it pouslble to study various air blast
effects with substuntially less explosive than
would normally be required.

Previous experiments at the Generul Ameri-

cun Research Division's Bulllistle Test Ctation
with 100 pounds of THI dlstributed over half

Praceding page hiank
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discs indicated that this type of planar array
could generate a blast wave with enhancec dur-
atien, over a limited area, The current exper-
iment was undertaken to extend the capabilities
of the technique and to verify the accuracy of
code predictions and predictions based on scal-
ing considerations.

The experiment was conducied on August 6,
1970, at the Defense Research Establishment
(Suffield, Alterta) as & part of Operation DIAL
PACK.

Figure 1 shows the plan view of the exper-
iment. There is a triangular region in which
the blast wave generated by the system is plan-
ar, The region 1a gradually eroded by a rare-
faction wave emenating from the edge of the
array. From strouy shock theory the extent of

the plane wave region can be calculated, 'The
maximum extent along the blast axis is /6 R,
where R is the radius of the TNT array., In

uddition, that part of the plane wuave region
with duration louger than the decay time to
half-peak pressure has a muximum extent of
1,2hR aloug the blast axis, It is in this re-
glon close to the array thut the optimum zone
for duration enhancement of the blast wave




occurs, However, the plane wave region does
not start at the array. Closer in, the shock
wvaves caused by the individual charge detona-
tions will be discernable,

ORE DIMENSIONAL FLOW REGION WHERE THE
OURATION i§ THAN THE DECAY TiME
TO MALF - FLAK OVERPRESSURE.

FLOW RTGON

& »  STANDOFF DISTANCE.
R o ARRAY RADIVS.
4+ CMARGE SPACING.

Fig. 1 = Plan View of Blast Directing Experiment

The blast directing concept was originated
by Balcerzak, Johnson and Xurz [l] They made
numerical computations of the preassure-time
histories in the one-dimensionsl fiow region
behind the blast front for discs of TNT, FETN
and CHY/0». In the one-dimensional flow region,
longer duration from the arrival of the planar
shock to, say, the time to half-peak oveérpres-
sure is attained than for a hemigpherical ex-
plosive charge of the same weight. Lindberg [2]
in a study of blast wave simulation techniques,
came to & similar conclusion using the theoreti-~
cal similarity solution pressure-time histories
for one-dimensional and spherical blast waves
(the similarity solutions are due to Sedov [3
and Korobeinikov {4} ). Lucole and Balcerzak [5]
experimentally verified the concept for 100~
pound charges of TNT, Primacord and CHJ/0,
(in a disc-shaped balloon). Lindberg 1[‘2] eon=
ducted similar experiments using Primacord and
sheet explosives,

EXPERIMENTAL PROCEDURE

Two tons of TNT wers distributed in a plan-
ar array over a half circle of 37.5-foot radius.
The charges in the array were composed of a
nugber of 33-pound cast TNT blocks, each block
measuring 12 by 12 by 4 inches. The blocks
vere suspended from a charge supporu system
eonstructed of telephone poles, wood beams and
steel cables. A drawing of the array showing
the detalls of the charge sisembly ls presented
in Flgwe 2, There were GJ charge locations; at
60 of these were two 33-pound blocks, while
single blocks weie ui the remaining two loca~
tions, The total weight of TNT was nominally
4026 pounds. ‘The actusl weight of each hlock
vas 3°.( pounds, 8o that the total charge weight
was 39[( pounds. ‘The vertical spacing between
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the center of mass of each charge was 6'-0",
and the horizontal spacing was 6'-3"; these
dimensions were chosen to attain 4 wiform
charge density per unit area, The area density
of the array wvas 1.80 1lbs TNT/ft2.

ENLARGED DETAIL

Fig. 2 = Two~Ton Blast Directing Experiment
Charge Array

Each 66~-pound tandem block was mounted in
the array in the following manner. Two strands
of LOO-grain per foot Primacord, each strand
consisting of four strands of 100-grain per foot
Primacord in parallel, were placed between each
palr of 33-pound blocks; the blocks were mounted
between two 1/h-inch thick sheets of plywood;
and this whole rig was suspended on steel cable
frem the charge support structure, A hole was
provided through the center of the TNT blocks
for the steel cable, The Primncord was used to
detonate the TNT. Photographic records from
previous experimental tests of individual 66-
pound tandem blocks indicated that detonation
ultimately occurred with this configuration, A
detonation cord asgsembly was constructed to en-
sure simultaneous detonation of the array.

Equal lengths, 86,7 feet, of speed tested Prima-
cord ran from the detonator to each TNT block.,
'he detonation velocity of the Primacord was
22500 ¥ 40O feet per second. Dual 7-grain PEIN
detonators (Type X = 128 High IEnergy Seismocaps)*
were used to ignite the Primacord,

* M Canadiun Industries, Ltd,




The detmation and air blast were moni-
tored by pressure gages. Both total pressure
and side-on pressure were measured., BRL had
the responsitility for emplacement of these
gages, as well a3 recording and reducing the
data, Figure 3 shows the locations of the
pressure gages. In addition to the gages
shown, two gages were installed on the blast
axis 530 and 850 feet Srom the array. The
total pressure gages were approximately 1.5
feet above the surface, while the side-on
pressure geges were flush-mounted in concrete
pedestals. FPhotographic coverage of the event
was provided by several Fastax and Millikin
cameras.

Ground motion gages were placed along the
blast axis at l.5-fcot and S-foot depths,
Either accelerometers or veloclity geges were
used, Figure 4 shows the location and type
of each gage. WES had the responsibility for
installation of these gages and the recording
and reduction of the ground motion data.

EXPERIMENTAL RESULTS

Figure 5 shows the sequence of the deton-
ation from the front of the array. The framing
rate for this sequence is 5k65 frames per
second, Figure 6 shows a close-up of the
ignition of the Primacord system. Ignition
of the TNT blocks was very nearly simultaneous;

O TeTAL AND DIDE-0N PRIV SAE
$  wer-eu sALIIVAC AR
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Fig, 3 - Blast Directing Experiment

Gage Locations

1m

less than 0.1 millisecond separated the indivi-
sual detonations. Figure T shows the fireball
after the individual fireballs have coalesced,
Pogt-shot inspection of the blast debris about
the test site indicated that the detonation
wvas symmetric about the blast axis.

Typical experimental overpressure-time
records taken at ranges of 10, 50 ard 105 feet
along the blast axis are shown in Figure 8, The
gage at 10 feet shows several peaks which are
attributable to the signals from individual
charges. The first shock that passes the gage
at 50 feet is planar; the decay of the pressure
behind the shock ir that of a plane shock until
a rarefaction wave frca the edge of the explo-
sive array arrives. When this raretaction wave

.arrives, as indicated by the small arrow on the

graph, there is a shayp break in the presswre
decay curve. This change in slope occurs at
amaller time intervals after the shock arrival
as the range from the array increases, The
decay rate before the arrivel of the rarefaction
wave is roughly half the rate thereafter. The
overpressure-time profiles at the 105-foot gage
locations shows a smooth decay after shock arri-
val.

Typical ground motion records are shown in
Figure 9. The vertical and horizontal ecceler-
ations, velocities, and displacements, which
were integrated from the acceleration record,
are shown for the 50-foot range, 1l.5-foot depth,
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Fig. 4 = Location of Ground Motion Gages
on Blast Axis




TIME TIME
18} 1M

7

ﬁqproduqlﬁdbl’m;py Flg, 6 = lemltion of Detunation Cord Assembly
est available .

178




| e ~ e

Fig. T - Fully Developed Fireball (Front View)
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DISCUSSION OF EXPERIMENTAL RESULTS

According to strong shock theory, the max-
imum extent of the plane wave region along the
blast axis is R, where R is the radius
of the array. Dimensional analysis indicates
that for a given peak overpressure, the distance
from the array scales inversely with the charge
welght per unit area within this plane wave
region and inversely with the cube root of the
total charge welght for the region beyond
Close to the array, the shock waves caused by
individual charge detonations will be discerni-
vle, In this region, another parameter, namely,
charge spacing over the cube root of the indivi-
dual charge weighi, must also be considered.
Insufficient duta were taken in this region for
comparative purposes. However, the peak over=-
pressure versus scaled range data together with
the results of the AFWL two-dimensional axi=~
symmetric code calculations shown in Figures
10 and 11 indicate that this region extends for
at least 5 charge spacings from the array,

This conclusion ls in generul agreement with the
results of additional AMWL code calceulations for
pesk overpressure versus range for an infinite
line charge distribution and wn intinite line
ol apherical charges,

Flgure 10 shows the peat overpruassure
veraus scaled range data in the plane wave
region., [In thio figure, x ls the range mero-
ured perpendicalar to the plane of the array.
The similarity solution for an {nfinite sheot
explosive due to Kurobelnikov [1& i3 ulso
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plotted on the graph, togethe:r with the AFWL
two-dimensional axisymmetric code predictions.
The AFWL code predictions start with the TNT
charge distributed in unequal tori. Also shown
are the points from the 100-pound TINT blast di-
recting experiments. [5] Figure 11 shows the
peak overpressure versus scaled range data

for the gages beyond the plane wave region.
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In this figure, r is the slant range measured
from the center of the array. The AFWL code
predictions, the 100-pound data and experimen-
tal dats for the detonation of a TNT hemisphere

{6] are also shown on the graph. In both
figures, the two-ton blast directing data have
been scaled using a total effective charge
weight of 1600 pounds, By scaling the data in
this manner, a concurrence of theory, scaled
predictions and two-ton blast directing date
is obtained,
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Beyond One Dimensional Flow Reglon

The low effective total charge weight is
attributed to the finite induction distance
necessary for sympathetic detonation of the
INT as cast, The shock induced in the TNT
by the detonation of the Primacord must propa-
gate a certaln distance before a self-sustaining
detonation is generated. There is some exper-
imental evidence that this induction distance
{g sbout 4 inches for the 12 by 12 by U=inch
cast TNI blocks at Suffield. [7,8] 'The
conclusion in this case is that in each block
the TNT contalned in 6-inch diameter cylinders
surrounding the two Primucord strands deflagra-
ted rather than detonated, That ls, 50 percent
of the TNT deflagrated. Thus the effective
totul charge weight for the shock front overe
pressures ls about 1600 pounds.

Ycaled positive phase overpressure impulse
data {a plotted versus scaled range in Figure
12 together with the curve for a TNT hemiaphere
and AFWL code predictions for both one und two
tons of TNT, ‘The blast drecting duts has been

~

scaled using total charge weights of 1600
pounds and 3977 pownds. Once again, reasonable
agreement is obtained between the AFWL code pre=-
dictions and the dlast directing dats using

the lower effective total cherge weight. The
positive phase overpressurc impulse data is
substantially enhanced in comparison with the
cwve for a TNT hemisphere in this cease, par-
ticularly in the range corresponding to the re-
glon near the fireball.

Essentially the same positive phase over-
pressure impulse data presented in Figure 12 is
plotted versus peak overpressure in Figure 13.
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This particular plot is not very informative

a8 to the effective total charge weight for the
blast directing experiment., This is due pri-
marily to both the positive phase overpressure
impulse data and the peak overpressure data
being lower than expected. Neverthelees, en-
hancement of the positive phase overpressure
impulse data over the curve for a TNT hemisphere
is again evident, particularly at high peak
overpressures.

Cube root scaling has been used in both
Figures 12 and 13. This is not strictly correct
for data obtained at points close to the blast
directing array due to cne-dimensional flow
effects, The curves bhased on the AFWL code
predictions give en indication of this. The
most interesting one-dimensional flow effect
can be seen in Figure 13 where the region of
significant enhancement extends to lower peak
overpressures for the lower charge welight
(1 ton). Finally, while the blast directing
data has been scaled using total charge weights
of 1600 and 3977 pounds for these two figures,
an intermediate total charge weight might also
be appropriate, since the impulse data un-
doubtedly was affected by the TNT that deflag-
rated as well as the TNT that detonated. ’

Vertical ground motions induced by air
blast loading may be correlated on the basis of
ground moticn-to~air blast ratios. The ratio
ot peak vertical accelerstion-to-pesk over-
pressure versus peak overpressure and the ratio
of pesk vertical velocity-to-peak overpressure
versus peak overpressure are shown in Figures
1L and 15. On each graph, the same parametevs
are plotted for the ground motion of the blast
"directing experiment as for several spherical
and hemispherical TNT detonationc in the same
soil. Included are the Distant Plain Events 6
1A and 3 and the Flat Top II end III events [9].
‘fhe overpressures used in the calculation of
these ratios were not corrected for initial
pressure in order that the comparison with the
other HE data, also not corrected, but at the
same initial pressure, might be shown.

The blast directing ground motion points
tall within the scatter of the other HE exper-
iments. The general trend in both graphs is
toward lower velues of these ratios with in-
creasing pesk cverpressure.

The magnitudes of the peak vertical velo~
city attenuate with depth, averaging 3:% less
at the 5-foot depth than at the 1,5-foot depth.
For comperison, the Distant Plain ¢ attenustion
was ebout L0% in the same overpressure raige.
This difference may be attributed to the much
smaller net yield in this experixzent or the
associated shorter positive phase duration.

The ground shock profile is plotted in
Figure 16, using the time of arrival for air
shock and ground shock measured from the deton-
ator initiation, ‘lhe soll structure in the
general area conslsts of a 200-foot thick layer

of clay overlying bed rock. Above the water
table, at a depth of 25 feet, there is a dry
clay with a P wave velocity of sbout 1050 feet
per second. At the water table, the P vave
velocity jumps to 5100-5500 feet per second, [10]
The observed vavefront patterns are P vaves
attached to the air shock which 1is supersonic
with respect to the upper, dry-clay layer.
Leter portions of the motion profiles indicate
either reflected waves or refruct=d wave: from
the top of the water-gaturatea layer or from
bedrock; or directly transmitted waves {rom
the explosive erray.
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CONCLUSIONS AND RECOMMENDATIONS

The blast directing array generates s
pressure wave which, in a limited area extent,

‘simulates the blast wave genersted by the deton-~

ation of a larger yield hemispherical charge.
This effect is most pronounced in the high
overpressure region. Sufficiently close to the
array, the radius of curvature of the blast
front is larger and the time of decay to half-
peak overpressure, for example, is extended
compared to a hemispherical burst of the same
weigat, )

At the conclusion of this test, five blast
directing experiments with TNT have been per-
formed, four at 100 pounds and one at two tons.

The experimental results of these tests veriry
the blast directing concept. The data taken
in the two-ton test was somevhat anomolous.
While the results are explainable, the use of
this corrected data should not be used to ex-
trapolate to much higher yields. Another blast
directing experiment of similar or slightly
larger yield should be conducted to (1) olimine
ate the anomolous lover yield factor snd (2)

to cbtain a statistically significant basis for
extrapolation to higher ylelds, - :

The array as designed . allowed the dsvelop=
ment of a one-dimensional -flow region only ‘at
ranges where the pesk overpressure was less
than 10C psi, Smaller individual charges and
smaller charge spacings are recommended to
give a larger effective test region with higher
peak overpressures, . :

The detonation efficiency of the recast '
T84T, with regard to the peak overpressure and
positive phase overpressure impulse data vas
somevhat less than 50%. "Better preparation of
the TNT is necessary and/or a better ignition
system should be devised to ensure more complete
detonation of the THT, Tais recommendaticn
includes further investigation of the ignition
and detonation of cact TNT. As &n alternative,
a different, more sensitive explosive such as
Pentolite could be used.

This work was conducted for the Defense
Atomic Support Agency under Contract DASA
01-70~-C=-0107,
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DISCUSSION

Mr, Hughes (Naval Weapons Evaluation
Facility): Could you give me the name of the
code and an individual contact at the
Alr Force Weapons Laboratory ?

Mr, Fields: The individual was Charles
Needham, eve, and I do not remember the
name of the code. I should add that the Air
Force Weapons Laboratory not only did the
exact or copredictions for this experiment per
8e, but they also studied line charge distribu-
tion, fully linear line charge distributions, and
one consisting of spherical charges on a2 line,
The copredictions here were not for &n array
exactly as shown, In reality the copredictions
were for torria of charges that were unequal
in size, sort of 2 geometrical layout to approx-
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imate the array. This was a two dimensional
axisymmetric code.

Mr, Baker gs«:thwelt Research Institute):
Some years ago e people
used small arrays of primacord or strips of
deta sheet to do something similar to this, that
is close-in to give & more nearly plane rather
than a spherically diverging shock. Do ycu
know about this?

Mr. Fields: Yes, as a matter of fact one
of the referances for some other similarity
solution work that we do was by Lindberg and
his experiments on a much smaller scale, I
believe he was interested more te-
{lected pressures but the idean are. quite simi-
lar.
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BLAST FIELDS ABOUT ROCKETS
AND RECOILLESS RIFLES

W. E, Baker, P, S, Westine, and R, L, Bessey
Southwest Research Institute
San Antonio, Texas

weapons,

proved unsuccessful,

This paper summarizes the results of an extensive series of measure-
ments that were made on the blast fields generated by recoilless rifles
and six different types of solid-propellant rocket motors,
pressures and positive impulses are reported for blast waves in free
air as well as waves reflected from plane surfaces located near the
Test techniques are also described., Model laws are given
for scaling pressures and impulses in the blast fields about recoilless
rifles, and these laws are corroborated by comparison with experi-
mental results from these and previous tests,
erate scaling laws for prediction of blast parameters about rockets
Significant differences were observed in {he
characteristics of pressure fields generated by different rockets, and
these differences are discussed in this paper,

Deak over-

Attempts made to gen-

INTRODUCTION

A gun, firad in the vicinity of an aircraft,
hoat, armored carrier, or personnel, emits a
severe blast pressure wave from the muzzle
(and breech if it is not closed-breech), which
can cause selious damage. In 1968, experi-
mentally verified scaling laws were developed
which permit the prediction of muzzle blast
pressures and impulses in the free field around
muzzles of closer’-breech weapons, and im-
parted to panels underneath them[1,1a]. Open-

"breech weapons, such as rocket raotors and re-
coilless rifles, also emit severe blast pres-
sure waves. The primary purpose of this
study is to develop scaling laws for predicting
the blast pressure and impulse fields around
these types of weapons., This paper summa-
rizes a muach larger report [2] which should be
obtained by those wishing greater detail,

To date, fewer blast pressure measure-
ments have been made about open-breech (re-
coilless rifles) than closed-breech weapons.
Peak free-field overpressures have been mea-
sured and reparted in some tests [3 through 10}
however, until now, insufficieat free-field im-
pulse data [3, 8, and 9] existed to create a
acaling law for any blast property other than
neak free-field overpressure about recoilless
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rifles, Also, until now, absolutely no recoil-
less rifle reflected pressure or reflected im-
pulse data existed; hence it has not been pos-
sible to estimate the transient loads imparted
to a panel by a recoilless rifle breech or
muzzle blast,

Even less blast preasure or impulse data
near rockets have existed to date. Three data
points {11] for blast pressures from rockets
(imparted to the tail boom of a UH-1B heli-
copter) were known to the authors by 1968 {t],
Since then, some peak pressure measuremerntsa
were reported by Groetzinger [12, 13] for sev-
eral modifications of the Light Antitank Weap-
on (LAW), Unreported data on LAW and 2, 75-
in., rockets were also available from person-
nel in the Human Engineering Lahoratory at
Aberdeen Proving Ground {14], Unfortunately,
the rocket blast data from these sources were
recorded at only two locations (one at 2 meters
from the breech of the weapon, the other at the
gunners' head position),

Although these more recent data are use-
ful, they are too limited to define blast pres-
sure or impulse fields, Absolutely no reflected
pressure or reflected impulse data presently
are available other thun the three data pointa
referred to in Ref, [5]),



In order to conduct a similitude analysis
and to empirically generate som= procedures
for predicting peak pressures and positive im-
pulses from rockets and recoilless rifle blasts
in the free field and incident upon plane sur-
faces, it was necessary to take our own data
about recoilless rifles and rockets, In this
paper, we summarize a blast pressure and
impulse measurement program to obtain data
in the free field as well as upon reflection
from a plane surface, We will also describe
a procedure developed for predicting pres-
gures and impulses around recoilless rifles
and the difficulties encountered when attempt-
ing to generate a similar procedure for pre-
dicting blast characteristics of rockets.

DESCRIPTION OF EXPERIMENTS

The 138 experiments in this project were
conducted at an octdoor testing range located
on the Southwest Research Institute grounds,
The primary test area consists of a reinforced
concrete pad, with a support and thrust stand
iocated at its center. The thrust stand is
oriented so that weapons mounted on it are
aimed at an impact area built, into the side of
a hill, about 150 feet away, Instrumentation
is housed in a semitrailer,

The same basic instrumentation system
was used throughout the test program. Blast
pressures generated by the weapon upon firing
were sensed by piezoelectric transducers and
the signals from the transducers amplified by
multi- channel amplifiers. The amplified sig-

nals were transmitted to the input electronics

of a multi-channel magnetic tape recorder lo-
cated in the instrument trailer. The taped
rccords were played back through galvanom-
eter-driver amplifiers and recorded as analog
signals on a multi-channel galvanometer
oscillograph. The tape recorder has FM
input and playback electronics, with a fre-
quency response flat from 0 to 400 klfz. To
utilize this frequency response and to expand
the short-duration blast records so that they
could be manually reduced, data were record-
ed at 120 ips, and played back at 1-7/8 ips.
The galvanometer oscillograph was run at 32
ips for analog recording of all records, The
upper limit on frequency response for the
system as described above is dictated by the
frequency response of the galvanometers,
which was 32 kliz,

The actual testing procedure was essen-
tially the same for all experiments, First,
the pressure transduccrs, either free-field or
reflected, were mounted and their locations
determined relative to the weapon by using a
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surveyor's transit and measuring tape, The
free-field transducers were mounted at the
ends of 4-ft tubes which were in turn attached
to vertical pipes on tripod mounts {the gage
array for 57-mm recoilless rifle tests is
shown in Fig. 1). The flush-mounted trans-
ducers were fitted into silicon rubber shock
mounts in reflecting surfaces consisting of
large plywood tables covered with 1/8-in.
aluminum sheets, Additional 4- x 8-ft area
tables with no aluminum sheet covering were
abutted to the tables containing the transducers,
to present an effectively infinite plane forblast
wave shock reflection,

After emplacement of the pressure trans-
ducers, the weapon being tested was mounted
on the thrust stand and fired. For each weap-
on and configuration of pressure transducers,
several tests were conducted, Usually, the
first test of a series was played back imme-
diately and the oscillograph records developed
to check amplifier settings. Adjustments were
then made and two or three additional tests
conducted. This process was repeated, chang-
ing gage locations, until the blast fleld was
surveyed as completely 28 possitle,

Blast fields were measured about the
following weapons during this program:

57-mm recoilless rifle, M18A1l (the type
of shell fired from this rifle was a train-
ing and practice round with a small spot-
ting explosive charge, with designation
M306A1),

(1)

2.75-in. rocket mofor. Mark 40 Mod 3,
with propellant grain Mark 43 Mod 1

2)

2,75-in, rocket motor, Mark ! Mod 3,
with grain Mark 31 Mod 1

(3)

(4) 5.0-in, rocket motor Mark 10 Mod 7

(5) 4,5-in. rocket T46

(6} 4,5-in, rocket TI61ES
{(7) 66-mm rocket M72A1 (LAW),
All of the rockets were provided with inert-

loaded warheads, Only the 66-mm LAW rocket
had a burning time sufficiently short to allow
flight during test, Both free-field and reflected
blast wave measurements were made for weap-
ons (1} through (3) while only free-field mea-
surements were made for weapons (4) through
(n.



--o ‘-

) S s,
RES T T aa e LA

Fig. 1. Field Setup for Free-Field Bliaat Measurements
Around 57-mm Recoilless Rifle

The three parameters measured for each
recorded pressure-time history were: (1) peak
overpressure, (2) impulse, and (3) overpres-
sure duration, Also, time of arrival data were
measured in many cases, although some diffi-
culty was experienced due to the lack of defini-
tion of time zero. Peak overpressures were
obtained by measuring the peak of the shock
trace directly from the records with a rule
graduated in 0, 01-in. increments, and multi-
plying by the appropriate transducer and
system calibration factor, The time duration
was obtained by measuring the shock trace
duration from the records and mnltiplying bHy
the reciprocal of the recording oscillograph
speed divided by the taps recorder speed re-
duction of 64, The impulse was obtained by
measuring the arca under the shock traces
with a planimeter and multiplying by both of
the previously-mentioned multiplicative
factors,

All data were sorted, and the final results
were calculated by computer. In the event
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that several shock traces were present on a
given channel, the blast parameters were cal-
cvlaied for the most prominent, Complete
numrrical data are given in Appendices to the
Final Report 2],

RESULTS

There are a number of characteristics of
the weapons we tested which can conceivably
be correlated with the blast field generated
wher. the weapons are fircd, . Some of these
characteristics are available in technical
manuals -nd ordnance publications describing
the weapons, These references do not list
81l of the characteristica which may corre-
lats with the blast field, We have, therefore,
supplemented information from these manuals
with measurements which we have made orn
disassembled or burned-out rocket motors
and with data available from other sources.
The characteristics of the various weapons
are summarized in Table I, The first four
columns describe the geometry of the rocket



TABLE 1

Weapons' Characteristics

y

i Nozzcle Nezsle Averasge
i Mator ~r E Motar or ! Threst Exit Total Burning | Chamder Lauachor
H dore | Bare Ares Area Prop. Wt.{ Time Pressure; Round Muzsle
! Weapss Vol fin A LD (ind | tind) tin2) (1b,) teec.) | (paia) | (we, 13| vel ttpsd Remarks
jﬂ'-m Racoillese Fine-grained propellant
Tafle. M1JAL ns .28 3.04 6, 48 0.871 ~7x10°3 ) 6500 .7 1200 contained {n plastic sack
l in shell casing,
48 .mam LAW Rocket . 19 hollow cylindrical
TOMTAL 8.45 § L.2% 0. 607 ) Q.14 $.92 10" 2 4530 1.32 850 propellant grains,
2.7%-in. Rockat Motor Single propellant grain
MX40 Nod 3, Prop. o " i2.06 with siar-shaped central
Gra:a MK43 Mod ) 13s.» ) 2.80 0. 184 1.3 5.90 .69 1050 {burnt} 2390 hole,
5.0.in, Rochor, Mater | . 0.8-1.4
WMRi0 Med 7, Prop. : N 265, f9.82 . ({17 .o - Singla cruciform pro-
Greaan MRS Sod O 1 k2L 4.6} 73 /(I.'IO .0 rominall 910 134 % 1380 peilant grain.
€& in, Mocket, .} : o . . . . - [ 38 Fallow cySindriaal
R LY . ’ 216 4. d0 2,60 .7 .7 0,10-0.3¢ 920° 40.0 868 graans of double-base
! LT L. . . +  |propellant
I\ . - - V— ?7 - —— - . - e
43 Aouker, - - - o, \ L. . o . 7 hollow cylindrical
ITeL¥S 4l !‘ 4,20 LM T L98 [ 78 0.35-0.9% | 1220 - 42,0 | 250 grains of double-base
: i 1. B i ‘ ! - proyelll:rit

* Thiz. rockst by o cantra} hlcrwu LA uaeuad*d by eight small norsles,

[he pper numbar Lives the combined asca =f the eigit amall noxzlcs:
the la-er ruTher gives the total s

h cor,n:.a sasciing & fischarge couficient . of 9,67 103w,

motur cning or (he chamber of the recoilless
“rifle,
lating to the propellant. Total weight of pro-
pellant in the round is givea for each weanon,
followed by a burning tise and an average
chanrver pressure within the rocket motor or
rifia hore, * The nrest two tolumns present

sres for all noxales nlaw ceatral Stowsut area,

.Jiby 3Ac.

The next ti.roe cslvains present data re-

data for the projectile which. can allow caleula- .

ticn of ity migxirnuin klnetic energy. Some rea-

‘marks concerning the propellants uoed in each

weapsn are givan in the Jast. coln-a. -

Frown Table 1, it can be seen that there is
a wide vange of churacteristics in the weapons
which we {ested, Some centdin sinall amounts
of pro;m}!am anl rave very ahort barnmg
times, some contain intormediate quantities of
prope‘!anu and have nmuch longer burning
times, while the weapon with the largeast
usount of propellant has an intermediate hurn-
ing time. This variation i, of course, caused
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$Thn chumley preuu*e indicated by a doucle
asteriek in the lable were compa‘ed from the
formuin Pe = m/CpAy, where fh is mans
burning rate, Cpis & discharge coefficient,
snd A, is thront area, The term Cp was
computed from this forwnula for.the LAW
rockel {Pe knawn), and anmmed condlant for
all mher Yockets, :
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somewhat by design rather thar by accident,
tecauae we wished to study scaling of the blast

fields from rockets and recoilless rifles and

needed to have as large a variation in various
charscteristics as possible; The S7-mm re- -’
caillesa rifie ig in a different class from all of
the rocket weapons Liecause a considerable

- quanlity of iree-field data for recoilleas rifles
exirts and also becauss it is fundamentally a -
different type of weapon, with muliiple rather
than single blast sources,

Biast-Parameters for 87-mm Recoilless Rifle

A typical set of free-field blast records
for this weapon is shown in Fig, 2. This figure
showa the analog playback, with one channel
repeated on both playback records ior time
correlaticn. To an experimenter accustomed
‘{o measuring air hlast weves fram compara-
tivaly '"cigan' sources, such aw spherical ex-
plosive charges, these records inay seem tc
he quite comnplex. On many of the traces,
multiple shocks aré evidant, and relatively

slowly rising pressures are apparent fur zome -

of the gage traces, These avre simply the
sheracteristics of the pressure-time histories
that can ve expected from & complex pair of
blart sources, such as the breech.and muzeld
ol the recnilleys rifte, Enough free-ficid
measursments were taken to survey the blast
“field about both the breech and musrle of the




Fig. 2.

weapon rather completely, For the reflected
measurements, however, we found early in
the tesl program that the brecch Llast was s»
intonse that the plywood tables used as ruflect-
. ing surfaces were severely damaged on cnch
test conducted aft of the weapon and close to
the line of fire, Therefore, although we had
intended to completely survey the reflected
pressure field for four standoff distances from
the axis of the \weapons, we were forced to
eliminate many of the planned cxperiments at
the smaller standoff distances, Near the
muzzle of the weapon, the blast field was weak
enough that a more complete survey could be
raade, Typicul data for each round included
peak overpressures for ohe or more shocks on
each record, positive impulse starting from
the time of the first shock arrival, aad the
positive duration of the first shock. Some of
these data will be summarized in scaled plots
later in this paper,

Blast Parameters for 2, 75-inch Rockets

This rocket generates a pressure field
which is totally different from that generated
by a closed-breech weapon or by a recoilless
rifle, A typical set of free-field pressure-
time histories for this weapon is shown in
Fig, 3, The pressu.c-time histories are
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Typical Record of Blast frow. 57-mim Recuilless Rifle

charscterired by relatively smai} and irrsgular
initial preaseura pulses iwhether these pulses
vun be called baycks aorF nat i= ~men tn auesting,
Following these initial pressure pulses, much
‘arger arr.piitude and irregular pressurs fluc-
tuaticns can be seen, Because of the necessiiy
for holding this weapon captive during firing.
the latter portions of these traces are pro-
bably not at all representative of the pressures
whicli would be (elf by an observer lccated near
a freely-fired weapon. Whereas the churacter
of the blast field generated by the recoillcas
rifle was relatively repeatable (rom round to
round, the initial portions of the pressure
traces genorated by the 2, 75.in, rocket were
quite variable. Occasionally, single peaks and
definite shock waves would be recorded: how-
ever, the types of records shown in Fig. 3
were much more comunon, The initial portions
of these records would axhibit two, three or
even four peaks at times, and the times he-
tween these peaks would differ decidedly from
round to round, Because of the statistical
nature of tte data generated during these ex-
periments, large scatter can be seen in Figs.
4 and 5 where the initial overpressurc and
impulse are plotted, respectively, &s functiuns
of distance along a line radiating from the
breech of the rocket (at 1257 to the line of fire),
For the relatively few rounds where single
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"starting'' shocks were observed, the pressure
and impulse amplitudes ware much greater
than fcr the majority of the rounds, We
thought that the wide variation in pressure sig-
nal was perhaps due to failures of disc clo-
sures in the four rocket nozzles at different
times, Tests with two or more of these discs
removed before firing, however, showed no
systematic change in the pressure field.

Blast Parameters for 66-mm LAW Rocket

Only free-field data were obtained for
thie weapon, Preasure-time histories were
similar to those produced by the 57-mm re-
coilless rifle, Distinct shock waves were
genetated, and there was no later spectrum
of noise, Data were also found to be rela-
tively repeatable from round to round, Typical
graphs of overpressure versus distance and
impulse versus distance along a line perpen-
dicular to the breech are shown in Figs, 6
and 7,

Blast Parameters for 5, 0-in. Rocket

There were only enough rounds available
for this weapon to survey the free-field blast
parametars., At locations close to the rocket
nozzle, the muitiple shocks merged into a
single strong shock, There was much less

\
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Fig. 6. Free-Field Overpressures Versus
Distance - LAW Rocket, 8 - 90°

evidence of noise following the initial
"starting shock® than for the 2. 75-in, rocket.
Why this rocket should produce go different

a pressure signal than the 2, 75-in. rocket is
not clear., Both have multiple exhaust nozzles
with closures which must blow out on rocket
ignition, both have relatively long burning
times, and both were held captive during the
experiments.

Blast Parameters for 4.5-in, Rocket

The 4.5-in, rockets were by far the oldest
of the weapons tested, made in 1944, Of the
ten rockets, eight were fin-stabilized and had
a single rocket noxzle, The remaining two
weapons were spin-stabilized, having multiple
canted nozzles, Although sornewhat newer
than the first type, they were still made many
years ago, The pressure fields from these
weapons varied quite widely from round to
round, often showing gradual rises to maxi-
mum pressure rather than starting shocks,

A typical set of free-field records it shown

in Fig. 8, Because of the wide variability in
data for these old rockets, we have made no

plots of overpressure or impulae versus dis-
tance, As for the 2,75-in. rocket, the pres-
sure fields {rom these weapons showed large
noise signatures following the starting shock,

wQ 8
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1 2 L] 10 20
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Fig. 7. Free-Fiold Impulse Veraus [ (stance,
LAW Rocket, © = 90"
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Fig., 8, Typical Pressure Records for 4,5-in. Rocket

MODELING THE BLAST FIELDS AROUND
RECOILLESS RIFLES

Scaling Peak Pressure

An earlier report [1] showed that the blast
pressure field around recoilless rifles might
be defined by

pe!  (Ln LJ.) 0
w ¢ ' «c
where

P = peak overpressure

Ly} = etandoff position parallel to line
of fire :

L} = standoff position perpendicular to
line of fire

¢ = caliber of weapon

w = eneargy in the propellant minus the

kinetic energy of the projectile,
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A similar equation was known to apply for
closed-hreech weapons, We will show that an
equation similar to Equation (1) is applicable
to recuilless rifles, but with additional re-
strictions which make another choice of para-
meters superior. Equation (1) requires geo-
metric similarity, i.e,, similarity In length of
gun and in geometry of nossle, Many recoil-
less rifles are approximately the same scaled
length, i, e,, 30 calibers; however, a number
of different nozeles can be attached to the same
basic gun (changes in nozzle geometry modify
the chamber pressures and the rates of energy
release from the breeches), The total chergy
release may be only an approximate para-
meter for normalizing breech blast nreasures
around recoilless rifles,

In Table 2, a sunimary {s presented of
test data taken at Picatinny Arsenal near the
breech of a 105-mm recoilless rifle [3], All
the data points in this table are for peak pres-
gurc measured 17,5 ft (L/c¢ -50, 3) directly be-
hind the breech of the rifle, Although there
wore small changes in propsllant weight
(energy) in these tests, the principle changes




made were in propellant types and in nozzle where
geometry. If Equation (1) were to apply, the

numbers in the last column of Table 2 should Pc = peak chamber pressure in the re-

be nearly identical, Instead, they indicate coilless rifte, [All other para-

that Equation (1) furnishes reliable predictions meters are as defined by Equa-

of scaled peak overpressure to only the near- tion {1)].

est order of magnitude., More accurate pre-

dictions ure desired for most engineering Table 3 presents the data from Table 2

applications. with the resulting peak pressures scaled
according to Equation (2). This table demon-

Equation (1) can be rewritten as strates that Equation (2) is a more appropriate

: relationship than Equation (1) for normalizing
P f E‘_u _L_‘_J;) @) the blast field about recoilless rifles,
PC B c * [

TABLE 2

Blast Pressures 17.5-Ft Aft of Breech of
105-mm Recoilless Rifle as a Function of
Propelling Charge Weight

Peak Overpres-
sure Divided by

Propelling Peak Over- Propelling Charge
Picatinny Charge, W pressure, I Weight, (P/W)
Test No, b} {psi) (psi/lbp,)
22 2.20 5.71 2,60
25 2.20 3. 87 1,70
47 2. 70 9. 11 3,38
49 2. 70 7.08 2.62
62 2.50 1, 24 0,497
63 2.50 1.12 0, 448
48 2.50 1,25 0.500
69 2.5%0 1. 14 0,457
70 2,50 0. 92 0,368
TABLE ?
Blast Preasuras 17, 5-Ft Aft of Breach of
10%.mm Rocoillesa Rifle as a Function of
" - Chamber Pressure
Peak Overpras-
Chamber Peak sure Divided by
Plcatinny Pressure, Po Pressure, P Peak Chamber, (P/P¢)
Test No, . ipsi) . {peh) Pressure
22 _ 5919 TS 0,966 % 1003
25 Not measured 3, 87 " Not measired
4 © 8040 9. 11 .13 x 10°3
49 401 7.04 0,958 x 10-3
62 1266 - 1.24 0,980 x 10~}
63 1027 112 1,09 x 103
68 904 1.2% .39 x10-3
9 140 1. 14 1.84 x 10°3
170 n 0.92 1,28 x 1073
Mo+ 1,66 x10°3
o - o217x10°3
O E3 ls. 6*
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Equation {2) for recoilless rifles is consistent

with Equation (3), from Ref, [1], for the blast

field around closed-breech weapons

Bt (—Iﬂ‘— i) (3)
w c " ¢/
where £ is barrel length, This is because
the quantity W/ c22 in Equation (3) has dimen-
sions of pressure and can be thought of as
chamber pressure, or as energy per unit
volume, in a gun tube, Westine [1%] discyssed
the equivalence uf Equations (2) and (3} in,
great detail for closed-breech weapons,

Chamber pressure is perhaps the most
appropriate measure of energy entering the
air blast, Chamber pressure is affected by
nozzle gecometry, and thus may indirectly ac-
count for the effects of noxsle geametry on the
rate of energy release,

In the Final Report [2], which we are
summarizing ir this paper, we present a num-
ber of plots of scaled overpressure, P/Pg.
versus scaled standoff pasition relative to
sither the breech or the muzsle of recoilless
rifles. One of these plots is reproduced here
in Fig. 9. Experimental test data from nine
different sources were used to develop such
plots. Included among these data are the
blast pressures measured in the free space
around the 57-mm recoilless rifle in this test
program, Other data come from Refs, 3]
through{10]. The Plcatinny experimental test
data referrcd to in Table 4 have slso been in-
cluded in these figures. The variety of weap-
ons being considered is sxiensive, ranging
from experimental test guns {T seried} to

of calibers from 57- to 106-mm. Many of the
weapons are experimental models with some
unreported gun characteristics such as
amounts of propetlant or chamber pressures,
To use test data from Refs, (4] through [#]
and Ref, [10], the writers were forced to as-
sume chamber pressures, Chamber pres.
sures for any of the M series guns are well-
known and are known for most of the Picatinny
tests In Rel, |3] because chamber pressure
was measured for that series of firings,

Table 4 summarises the chamber pressures
that were used for the recoilless rifles, )
Handbook valuea of chamher pressure are all
obtained either from the Final Report giving
the experimental results or from Ref, {16],
Some of the assumed values for chamber pras-
sure appear to be tu . great and others (oo
tittle. Nevertheless, a single assumed value
of chamber pressure makes the normalised
pressurcs for all T series weapons scale well,

- fleld weapons (M series) and including a range .
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Ref, Weapon
SwRi $7-mm MIBAL

90-mm T219 (PAT)
15-mm T21

105-mm T19

7%-mm T2l

$7.-mm T66EH
106.mm TITO0EN

106 mm MJ0AL
- 10% - mm M27

$7.0vn MIR

103 mm M27 (modified)

-

PP N SR =)

Fig, 9, Onrpniiuru for Recoilless
- Riftes. 0° to Breech

The scaled plota, only one of which {e

‘shown here, indicate that all test data for

pressures in the free space sround recollless
rifles can he iormalirzed into a single function.
Some scatter existe, but this is understand.

‘able when ane reslizes that a single standard

devistion st some arbitriry location experi-
encing repeat fitings will range from 9% to
20% for a single wespon svetem, The scatter
that can be expected from repeated experi-
ments to measure musste blast around closed-
breech guns is discussed in Ref. {13} The
scatter of the recoilless rifle data is some-
what greater; but, pressures shown in these.
figures were obtainad from various sources,
with most of the expsrimenters totally uncon-
cerned that any attempt might be made tn
scale their experimental data. Neither the
height of gun barrels above the reflecting




TABLE 4

Assumed and ‘Actual Values of Peak Chamber Pressure
for Various Recoilless Rifles

Maximum
Chamber .
Gun Reference Pressure Pg (psi) Comment
57-mm-MI18Al 2 6,500 Handbook Value
105-mm-modified 3 (Picatinny) Various Measured
106-mm-T170E1 4 30, 000 Assumed

90-mm- T216 (PAT) 5 3,000 Assumed

57-mm- T66 E6 6 . 12,000 Agsumed

37-mm-MI18 7 4,800 Handbook Value

(nozzle adapter)

75-mm- T21 7 18,000 Assumed
105-mm-M27 7 10,000 Handbook Value
105-mm-T19 8 11,000 Assumed

90-mm-M57 9: 6,400 Handbook Value
106 -mm-M40A1 9 9,700 Handbook Value

57-mm-M18Al 9 6,500 Handbook Value
75-mm-T21 10 18,000 Assumed

surface or ground nor the height of pressure
tranaducers ahove the ground has been simu-
lated in obtaining these experimental results,
In addition, much of the data are very old and
could he subject to some systematic errvors
because ths experimenters could not use to-
day's more modern instrumentation,

Equation (2) to predict side-on or free-
flold overpressures can be axtended or re-
written as Equation (4) for the prediction of
peak reflected pressures imparted to a panel,
Equation (4) defines a three-dimensional
space

L
_112,(.,&,5,1) "

Pg c c ¢
where
h = height of gun above the plane of the
panel
X = distance in the plane from point of

interest to line of firse.

It takes advantage of the symmetry which
exists in the free field ahout the line of fire,
Placing a panel in the vicinity of the weapon

- destroys this symmetry: thus, an sdditional
geometric parameter is required as In
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Equation (4) to define the peak pressures that
are imparted to a panel, Insufficient data
exist to demonstrate that Equ.’ion (4) is sppro-
priate for recoilless rifles, Unfortunately,
the relationship between Equations {4) and {2}
is directly analogous to a similar relationehip
for reflected and side-on pressures around
closed-breech weapons (see Rof, [1]). - To
predict the hlast pressures imparted to a
panel by firing recoilless rifles, we will an-
sume that Equation (4) is applicable because
Equation (2) is appropriate and because it hae
been demonstrated that 3 similar equation
works for closed.breech weapons, - '

Scaling Impulse

Maximum pookﬂvc impulse in the free
field around a recoilless rifle appesrs to.scale
according to-

N TR _,(E‘.LL L1} -
Pclliwz/} . c .. c/

- where. 1 is positive specific impulve, This

particular combination of the paiameters,
L ¢, Pe, and W was chosen because: (1) it
defines a nondimensional group, and (2) it
works, as is demonstrated by using experi-




- tiee {3).

mental data, Very little axperimental free-
field impulse dats have been taken around the
muszsles and bresches of recoilless rifles:;
nevertheless, an adequate quantity is available
from Refs. [3, 8, 9], and the :2 SwRl 57-mm
tests to demonstrate tha: Equation (5) is appli-
cable, Figure 10 shows one plot of scaled im-
pulse a8 a function of scaled position, L/c.
Although the varisty of weapons is not as com-
plete as was used to demonstrate thase scaling
lsws for peak pressure, sufficient data do
exist to strongly indicate that Equation ($) is

" appropriate for normalising the impulse field
around the breech and mussles of recoilless
weapons.

The reflected impulse counterpart to
Equation (5) for free-field impulse is ’

- Pe

" The addition of a reflecting surface under the
muztle or breech of & re-silless rifle de-
straye the symumetry which exists abaut the

line of fire ia a free field. - Tu account for the
additional geometric conrdinate, an extra
gessmatric paramater must be added to Equa-

This scticn is similar 1o the devel.

opment of Equation {4) from Equation (T} for

mh reflected pnnunm

Predicting Free-Fleld Prevsure or bupulse

runn 11 shows a rqce&llu- rmc and
two grodps of two aquatisns for pradicting -
pesk prassure snd/or impulee in the {ree

fisid elther forward of the muatle or st of the -

braech of 8 recoillens rifle. These aquaiivne
are Kquationt {2) and {3) expresand in polar

ootdinstes rather Hisa rectangulir ones, and

with & feactional format selectad to cutve- Nt
experimenial data. The solid lines drawn an
Fige, 3 and 10 and oihes in Rel. {2] indi-
cate that these equations (it experimental test
" resulls exceplionally well,

Obeerve in Fig. 11 that peak (ree-field
preseure and impulse are independent of the
tngle § forward of the gua mussie. The
shack emiited from the twerle of & recoilless
vifle is ¢sventially spherically syrrumetric
sbowt the mussle of the gun. It is also much
“raher than the shock emitted from the
breech,

le ("n X A : :
VAT e :) @

Ic X 10

Sym. Ref, Weapon
x SwR1 57-ram MI18AL
a 8 105-mm T19
0 9 57.mm MI18Al
(8] 9

90-mm M67

w

113 273

Pc

-0.&!”‘ i | (I

106 40 - 10

Fig. 10, Scaled lmpulu for Recoilless
Riues, 90 to Breesh

¥ _reaen o Mutale

Y CARTA thoaat il be
(' LIRRY T

YT S itadhe M"H‘ X 3
.’L.'!'V oY (o . a

o M 4 Rreses .
J (.., 1o! RIW T ERINTYRIY § i“_,.,lu.thu.c.l. TS

et SN YT} W reft™ st o n, gy
» un.u\) a
Fig. 11, Peak Free-Field Overpreasures

Around the Mussles and Breeches
of Recoilless Rifles




Predicting Reflected Pressures and Impulses

Figure 12 is a plot of peak reflected pres-
sure as a function of L/c and x/c for a con-
stant normalized height, h/c, of 18.0 for the
weapon over the firing table. The isobars in
Fig, 12 are const-nt normalized pressures,
P/Pg, which have been sketched from data
for SwRI, 57-mm recoilless rifle tests.
Figure 12 is a graphical presentation of Equa-
tion (4) for normalized reflected peak pres-
sure, Inadequate test data exist to develop
additional figures for other distances between
the table and rifle, i.e,, other ratios of h/c,

In a similar fashion, Fig, 13 is a plot of
Equation {6) for normalized reflacted specific
impulse when h/c equals 18,0, The isoclines
in Fig, 13 are for constant values of
1c/(We/3p'/3), Additional figures of scaled
reflected impulse for other heights have not

been developed hecause there are even less
40

20

3

Yie

40
&0
nh

tun

. o
LY (i1

iy

[}

Fig, 12, Normalized Peak Reflected
Pressure, (P/Pg) x 103,
for (h/c) - 18,0

impulse data than there are pressure data
availuble, Units employed for physical quan-
tities in the scaled impulse parameter are
I=psi-ms, c=in,, Pc=psi, and W=1b
of propellant,

70
50
30
20
Y/
40
60
H0
lou
[ MY
4t
X L4
Fig. 13, Normalized Reflected lmpulse,
le
1/3.,,2/3
Pe "W

for (h/c) - 18,0




MODELING THE BLAST FIELDS AROUND
ROCKETS

We noted in the previous section that there
were significant differences in the blast waves
generated by the different types of rockets
tested during this program, "The LAW rocket
and the 5,0-in. rocket both generated distinct
and reasonably repeatable blast waves, while
the 2, 75-in, and 4,5-in, rockets produced
variable, relatively small amplitude initial
pressure waves followed by larger amplitude
"noise'' fielde. We have come to refer to the
two types of pressure waves as ''bang'' or
‘no bang'', Differences were sought betwee:
various scaled combinations of rocket para-
meters in Table 1 and with other parameters
which could be computed from the data, e.g.,
mass rate of flow, pressurc at nozzle exit,
etc. No grouping of parametere could be
found which placed the LAW and 5.0-in,
rockets in one class, and the 2.75-in. and
4.5-in, rockets in another class, Further-
more, no combination of rocket parameters
could be found which would scale the blast
fields generated by the two "bang' rockets,
Many different combinations were tried, but
none proved satisfactory, Wo, thorefore, have
a body of blast data for small rackots waich
did not exist before, and whirh can be useful
in estimating the blast loading of belicopter
structures for four specific rockets of fairly
widely varylng characteristics, but we do not
have a method of prediction for other rovkets
for which no messurements have heen made,
There are suggestions in Refs. [12] and {1 3]
that hlawt scaling correlstas with mase fow
rate and/ar rate of pressure rise m initiation
of burning, We had no way oi ‘neasuriog the
latter paramoter, but can show ne correlation
with the former, .

DISCUSSION

In the experimantal progran reported
“here, a large body of data has been gencrated
for the blast fields shout recoilless rifles and
solid-propellant rockets, Al hut a few of the
"1IR testy yiolded uneful data, which are pra-
sented round-by. round in Rat. 2}, The pri-
mary data reported are peak overprocsures
and positive impulses, for fren-field blast
wares and for waves reflevied from plane eur:

‘faces paraliel 1o the fine of fire of the weapon, .

The {rae-field data obtained or & 47.mm re.
colllese rifle supplemont exiating Mmeasure-
ments {or the same weapant and other calibers
of recoilless riftes, Reflected wave data ob.
tained for this woapon conntitute the first such
tneasurements, Fev reliable previous biaxt
n easurenients exist for rochets, snd thern.
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fore the results reported in Ref. [2] constitule
the first significant group of measurements cf
the blasi fields generated by solid-propellant
rockets,

A primary aim of this program was to
generate or corroborate laws for scaling of
blast parameters generated by recoilless
rifles and rockets. We were successful in
generating such laws for reccilless rifles, but
could not do sa for rocket blast.

A significant feature of the test results
for rockets was that different types of these
weapons generated distinctly different pres-
sure waves, with sharp shocks being formed
for some and not for others, and with some
rockets generating large-amplitude nnise
after the init'a) shocks. The rockets which
did not produce sharp initial shocks (*'no-bang"
rockets) also exhibited great round.to-round
variability in pressure wave characteristics,
while the "bang' rockets showed smaller data
scatter. Pressure (telde measured for all but
one of the rockets (66 -mm LAW) undoubtediy
repruesent upper hounds on the actual pressure
fields because those weapons were held cap-
tive during testing rather than being allowed
to fly as they would be in actual use,

We fool that the test results obtained in
this atudy, and the scaling law for prediction
of blasi-from. recoilless riflos, significantly
enhanca the abitity to predict transiont pres.
sure luads imparted tn helliopters, alrplanes,
ships, and other objecte, Thia (¢ & necewsary
first gtop in estimating the effocts of nuck

“blaxt an struciures and perroanel,
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DISCUSSICN
- . Mr, Sallet (University of Maryland); From Mr. Baker: No, I wouid say we could not.
= youz last data can you construct the induced We have the over prassure time-histories and
3 flow field of the ambient air and the combua- what data one can abstract from them, s0 1
- tion gases ? would say it would be very very difficult to tey
’ - . te get from this to the induced flow field,
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- E Balt Beranek and Newman Inz.
] 5 Camhridge, Massachusetis n2138

and

Harry J. Bandgren, Jr, and FRobert Erwiz
Yatic.al Aszronautics and Space Adninistration
Gesrge €. Marzhall Space Flight Center
Juntsville, Alabama 35812

Scme recul*s are presentszn of a contlnulng investigation of tha
fluctuat ing rresiures on .erospace vehicle surfaces and of the
cerrasp n:ng ransel responses. Techniques for predicting fluc-
tusting precsonre apentra asscelated with transonic shock/bound-
ary=1ayzer !ateraction 2ad for estimating correlatlions and co-
nareness cf bouwnmy er pressurel are reviewed and compared
. vith data cbtalirned on a2 1/10-scale model of Saturn V mouwited on
. . a rocket~rropelled tes: sizd, The agreerent is found to be ac-
E. - 4 ceptable in general, although the test results exhibit consid-
§ : eracle scatter and suffer from some signal/nolise-ratio problems,
At Mach numbers above about 0,6, sound from the propulsion rock-
ets 1s shown to have no appreciable effect on the fluctuating
pressure data cbtalned on the rocket-gsled model., Predicted panel
responses to the cobserved fluctuating pressures are found to te
In reasonable agreement wlth correspending rocket-sled data.

INTROLCUCTION vehicle, and then estazblishing the
fluctuat ing=-pressure characteristiics
assacliated with each flow regime, A

aompilation of technlques for predict-

Fredtetions of the vibrationa of
aerospace vehicle tructures Iinduced by

aero-acoustic excitatlon are renerally
needed In the early design stages, pri-
mar{ly for the purpose of estahlishing
preliminary design and test criteria,
One may obtain such predicticns most
logleally by first determining the ex-
cltaticns and then calculating the core
respending responser, btut whereas tech-
nioues for caleculating the responzes of
fully specified structures to given ex=
citations are reasonabiy well In hand,
reneral methods for predicting aere-
acoustie excttations and the ascoclated
responses of structures thit are not
defined In detall ztil1l 1emain to be
develoned and validated,

The complexity of the total nrob-
lem of predicting the fluctuating-nres-
sure environment of an nerospace yohi-
cle under gtven flight conditicns mny
l.e reduced by determining what rlow re«
rimes occur at various lecationz on the
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ing these fluctuatinp-pressure charac-
teristics was presented in [1]%, but
lack of zuitatle experimental data so
far has prevented evialuation of the
Zeneral validity of these techniques,
in order to take some steps tcward
thls validation, and also 1n order to
study related response-prediction
nethods, a program of Investigat!ions
has l'een underinken, based on a 1/10-
acale medel of the forward hal: of the
caturn ¥V vehicle, propelled alc o the
Halloman Alr Foreco Rase rocket-siod
test track,

As discunsed itn [?], use of zuch a
model avolda the oxpenses ascoclated
with full=scale teats, overcomes a num-
ber of difficulties nasoctated with

testing of tmal’ wind tunnel mudeln

Blumbera In zquare hrackats refer tno
the appended 1ist of references,
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{t.e., *urnes-blocﬁage and Shoch pros~
Jeuws, anvd the need for 2ativemely sus}l_
Alt“&nsduce‘s with very high frejquency
. caparilities) erd. ~=r2.vs one o reseh

reasonsbly rezl’atie Reyneld: numbers,
Pescrintions of the test model and zxs~
tewm, !nstrumentatlon, data reductian
and aral;rts, engd tesr and crerational
procedures acpeas in [2], and therefere
are not repeated here,

Feference {21 also susmsrizes tech-
niques for nregdicting the flucruating
preazure spectra asscelated with at-
tached turtylant boundursy igyors 2nd
with subtconic flow cenaratian ait of
flares, and it compares racket-xjed <dsta
with credictions ortainea by means I
these teciniques, It 4s the purpos:s cf
this paper in _essence to serve as i
sentiruaticn o [?), tc explore farther
the utility sl rocket-sled models for
asro-acoustic excitation and vresponse
measurements, tc deal with additionel
flow regimes and fluctuating pressure
charzeteristies, and to Investigate the
utiiity of a simple response prediction
tectninue, Accordingly, the first of
tie following sections addresses 1tself
to the pocsible contamination of brund-
ary--layer dati by rock-t nolse, the
second rection deals with transonic-
shock/boundary-layer interaction, the
third discusses boundary-layer pressure
correlations and cross-spectra, and the
fourth deals with the respcnses of pan-
els to random pressure fluctuations.
Conclusicns, recommendations, aii planz
for further studies are dizcussed in
the 'nal section,

EVALUATION OF COHNTAMINATION OF
FLUCTUATING-PRESSURE DATA BY’
ROCKET NOISE

In using a rocket sled to nbtaln
data on the zero-acoustlc environment
and responses of : test model, one must
naturally consider whether the effeerns
one attempts to observe are cbscured by
those due to nolse from the propulsion
rockets, Therefore, a numher of calcu.
latlons were carried out to estimate
the rockete~nnlize . onvironment at the
sennor locations on the test vehlcle,
and to compare these estimates with
data chtained rrom these sensors,

Takle I, helow, summarizes the
thrust-histories and prepulsicn systems
ascoclated with the varfous test runs
during which significant. data were col-
lected, Table TI 1lists the salient
characvteriacies of' the procrulaion sys-
tems,

N TABLE §
D

‘hvu- s and Propulsion Sysiwss Used
. In Rucket Sled Tests -

Test | Time A .
Desig- | Interval | ‘thruss dropui-
wation fsec} (190G int | . oion
SH-AR 8.1~ 5.7 1937 13 Bomars

~ .. - > Xarny
6.0 7.5 577 g0 T TATs
]( - — _<>-'\“..-_
§%-B3 p 9.1 5.1 - 107 T Mk Ter-.
riers '
6.2- 5.1 1 108=18T7 13 yives
3.6-12.5 n0=98 2 Nikes -
J1h.3-37.2 -tc 1 Mike
TAN-B2 | Cu3- 5.3 187 12 ¥k§ Ter-
-and P, ' g ], Dless
SH-B1 6.2— 9.2 ¢ 1 13 Nikes
§o2.4.12.5 723k 2 Hixas
”ABL; il
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Propulsion System Paranetp"s

¥k3 Bomars
System ke | Terrier nA"

Nozzle Throat )
Dilam. {(in.) | €.1% 6.15 3.63

Expansion
Ratie 7.15 6.8 k.o

Exit cone
half-:ngle
{iorr ) 15.0 15.9 17.5

Calculations to estimate the rock-
el noise environment were carrled out,
using the "source-location method" as
deseribad in {3] and an estimated ex-
haust veloelity of 8500 ft/sec, which is
believed to be typical of high-perfor-
mance rockets [ 4], These calculaticns
took into account the effects of motion
of the vehicle relutive to the efrec-
tive sound sources by adding to the
predicted sound pressure levels the
corrcetion term 20 log {1-M), where M
represents the vehlcle's Mach number,
{Of course, this correction iz valid
only for ¥ < 1. For M > 1, the rocket
nolze never reachex ferward on the ve-
hiele,) The prediction calculationa
also included a 31 dB Inerease to ace

¥rrennure~doub1ing occurs essentially
nnly If the acoustle wavolongrh is
greater than the vehicle clrecumference,
- 1.,e,, for frequencies f(Hz) > o/nh,
where ¢ reprecenty the speed of sound
and D tiie vehicle diameter [3).




¢oint for the effect of {random) re-

flectien from the irregular grow nd sur-
facay plus ab do inerease at-frequen-
cles ahove 200 Hz% to account for :

. :...-scure-ooubling at the sanso.‘,.

gure Y
varicys flush-on
test medel, Figures 2 i3 show cne-
third octave band scund pressure levels.
zensed by four different micyophonay -
{flush~mounted on the top 3urface, near.
tr2 front of ‘the S~-IVR portion of the
tes' model}, togethor with predictions

T - {d3timate3z) of the rock¥t noise to which
ihete sensurs sre frposed and-gyproxi- .

: mate predfctions of the fluctuating .
pressuras 42 to boundary Yeyer turbu-__
lence sxperie-wed by. these seanors,:

Pfgure 2 pertams ta-a vehitle Mach num-,-.' :

per of 0.6, andt Fig. 3 to a Kach number .
of 3.8, Pigures 4 and'S are similar te.

Figei 2 and 3, but nertazn to 2 -.differ-
ent "test rur. and to Mach. numbiers 0. @nd
0.5 resvectively,.
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Comparison of Rocket Sled Test Data
with Predictions of Fngine Noise
and of Boundary Layer Turbulence
(Test SNA-U, Mach 0.6, Accelerating)
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~unted microphones on the
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tigure 4

Comparison of ®oe! »t Sled Test Data
with Predi- tiona of Fneine Neise
and of Boundary layer Turhulence
('Pe~t &N~B1, Mach 0,4, Accelerating)
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One may observe that up to Mach
0.6, rocket nolse 1s likely to be domi-
nant, whereas at Mach 0.8, the boundary-
layer turbulence pressures far exceed
those assoclated with rocket noise,
Thus, data obtalined from this test run
at Mach numbers below 0.6 must not be
ascribed to the boundary layer (except,
of course, for the decelerating portion
of the run, where the rockets were not
firing), whereas data obtained for the
most interesting transonic region above
Mach 0,8 may be expected to be rela-
tively uncontaminated by rocket noise,

TRANSONIC-SHOCK/BOUNDARY-LAYER
INTERACTION

At Mach numbers slightly below 1,0,
regions of local supersonic flow appear
on vehicles aft of flares, where the
flow turns and expands. These superson-
ic regions are terminated by shocks that
cause the boundary-layer to separate,
producing an unsteady interaction be-
tween the shock and the boundary layer
{see Pig. 7). The complete flow pattern
of shocks, separation, reverse flow and
boundary layer reattachment, then oscil-
lates in the stream-wlise direction at
relatively low frequensies [1].
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Flgure 5§

Comparison of Rocket Sled Test Data
wilth Predictions of Engline Noluse
and of Roundary lLayer Turbulence
{Tesat BN=-R1, Mach 0,6, Accelerating)

Prediction Method

Figures 6 and 7 are suggested pre-
diction charts for the maximum (overall)
fluctuating pressure due to this Zran-
sonic shock/boundary-layer interaction
and for the Mach number at which this
maximum occurs. These [igures have been
extracted from [1] and are based on the
work of Wiley and Seidl [5], who have
carried out a comprehensive summary and
correlation of wind tunnel data on this
interaction phenomenon,

Reference {1] suggests that the
"shock oscillation frequency", i.e,, the
frequency fo9ge at which the flow pattern
oscillates in the stream-wise dlrecticn,
may be predicted hy

fose ™ n.0l45 U/xF (1)

a

where U represents the free-stream ve-
locity and xp the distance from the edgpe
of the flare to the observation point,
This frequency corresponds to the peak
in the associated non-dimensionalized
fluctuating-prescure spectrum of Fig. 8§,
which 1s also based on [1]. Figures

6 — 8 thus provide one with a technique
for predicting the pressures asscciated
with transonic shock/boundary-layer
interaction.
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Rocket-Sled Model Data

Plots of the overall pressure lev-
el Lp(OA} versus time are available for
various {lush~mounted microphones from
the digitally reduced telemetered rock-
et sled test data. Two examples of
such plots for cne test run are shown
in the upper part of FPig, 9. In the
lower part of this figure is shown the
Mach number/time profile for the same
test run, obtalnel from test range data,
On the basis of such a profile, one may
calculate how the dynamlic pressure q
varies with time in a given test, and
one may then compute th~ value »f the
"dynamic nressure level" - Lq =
20 log (q/pprer) for each lnstant, (See
Pig, 8 for definitions of symbols,) The
variation of with time for the test
run under consideration is shown in the
upper part of Fig. 9; however, - 40
has been plotted there inatead of Just
Ly, 1n order to make this curve fall
closer to those for the microphone data.

In view of the definitions of the
pregsure levels, cne may note that

Thus, L, correaponds directly tec the
difference hetween the microphone data

thia difference

curves and the Lgq curve of Fig., 9; where
?5 greatest, one cbtalns
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Le,max, the parameter whose value is
predicted by Fig. 6. By noting the Mach
number at which Le¢,max oceurs, one may
also determine the value that corre-
sponds to the prediction indicated by
Fig. 7.

Figure 10 shows the resulte of ana-
lysis of applicable rocket-sled model
data in the previously described manner,
together with the corresponding predic-
tion curves taken from Pigs, 6 and 7.
Because of the limited number of micro-
phone positions used in the test runs,
data are available for only a very few
xp/D values, The quite consideragble
spread in the indicated data comes about
from the differences in the pressures
sensed by a given microphone in differ-
ent test runs, and also from differences
in the signals obtained from different
(but similarly located) microphones in
the same test run. The agreement be-
tween the data and the predictions may
be seen to be quite reasonable in gener-
al, except at xp/D *® 1,7, All of the
data correaponding to this reduced dia-
tance value was obtained from one micro-
vhone, whiech was located about 45 {n.
aft of a 9° flare, but also only 6 1in,
ahend of 8 17° flare; the prediction was
tazed on the flow Alsturbrnce due to the
6° flare, but ft neems poassible that the
distyrbance due to the 17° flare may
have had a more pronounced ef'fect,
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Figure 10 indicates how well one
can predict the overall fluctuating
pressure assoclated with transonic
shock/houndary-layer interaction, and
Fig. 11 provides similar information
concerning the corresponding l/3-octave
band spectra. In addition to the pre-
diction curve taken from Fig, 8, Fig, 11
shows some typlcal data from six differ-
ent microphones and two test runs, all
plotted in the same nondimensional form
as the prediction curve. The scatter
may be seen to be quite considerable,
but on the whole within +5 dB and -10 dB
of the prediction for Strouhal numbers
below 0,2, and within +7 dB and -5 dB
for higher Strouhal numbers, The data
points cluster somewhat better about the
"average of data" curve; clearly, this
curve may be expected to yield better
predictions (at least for the model un-
der investigation) than the previously
suggested prediction curve,

PRESSURE CORRELATIONS AND CROSS-SPECTRA
UNPER TURBULENT BOUNDARY LAYERS

Correlations

In order to calculate the responses
of a8 structure to a randoin pressure
field, one requires some information
concerning the spatial distribution of
the pressures, in addition to the pres-
sure spectra observed at various loca-
tions on the structure, Information
concerning spatial distributions of ran=-
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Flgure 10

Comparison of Rocket Sled Data (from
Varius Misranheeng . Four Different
Test Runs) with Predictions: Mach
Numbers and Maximum Overall Fluctu-
ating Pressure for Transonic Shock/
Boundary-Layer Interactton

dom pressures is most often expressed in
terms of cross-correlations runctions
defined as

R(x,,2,,t; X,0Z,,t4T)
= <p(x,,2,,t) p(x,,z,,lL+1)> (3)

where X,,z;, and X,,2, denote the coordi-
nates o} two observation points on the
structural surface under consideration,
t denotes time, and T a time delay. The
brackets <,,.> indicate averaging with
respect to time, (In other words, the
cross-correlation function is obtained
by multliplying together two surface
pressure measurements, and time-averag-
ing the resulting product; one measure-
ment 1is taken at the point x,,z, at time
t, t?e other is taken at x,,z, at time
t+1,

It 1s usually assumed that surface=-
pressure flelds assoclated with turbu-
lent fiow are spatially and temporally
homogeneous — that 1s, that the correla-
tlon functions depend only on the spa=-
tial separations :

E=x, =X, , n=2z, -1z, (4)

between the two measurement locations
and on the time separation t, and not on
the measurement coordinates and observa-
tion time as such, For homogeneous
pressure flelds, one may thus write
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Comparison of Kooket Sled.Data with
Predictions: Nondimensional Spectrum
of Pressure Fluctuations due to Tran-
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R(E,n)'r) = <p(x1’zllt) ¢
p(x,+E,2,+n,t+1)> (5)

The curves shown in Figs. 12 and
13 were taken from [6] and summarize
data on R(£,0,0) and R(0,n,0) obtained
by several authors. Both of these
functions pertalin to zero time-delay t;
the first indicates the effect of only
stream-wise separation £ of the mea-
surement locations, and the second in-
dicates the effect of separation n
transverse to the flow-direction by 1it-
self. Note that the data in Figs. 12
and 13 are presented in terms of sepa-
ration distances normalized with respect
to the boundary layer displacement
thickness &¥%,

Also shown in Figs. 12 and 13 are
data obtained from the ore rocket-sled
run for which extenslve c¢ross-correla-
tion computations were undertaken.
Values of the cross-ccrrelation fune-
tions were obtained directly from com-
puter print-outs of R{£,0,t) or R(O,n,1)
for various microphone pairs. From the
microphone locations on the test vehi-
cle, the separation distances £ and n
were known to be 2.0, 6.0, and 10.%5 in.
The boundary laysr displacement thlck-
ness was calculated for each individual
microphone from [6,2]

8% = 0.26U/8 (6)

where U represents the free-stream ve-
locity (i.e., here the speed of the
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Flgure 12

Space-Correlation of Roundary Layer
Pressure Fiuctuationa in the
Flow Direction

rocket-sled). The frequency f, at
which there occurs the peak in the "hay-
stack” third-octave band spectrum of
pressure sensed by the microphone under
consideration was determined simply by
inspection of the appropriate third-
octave band spectrum plot. Because the
two microphones of a cross-correlated
pair generally do not yield the same
value of f,, one usually obtains two
values of t/6 % or n/é* for each value
of R. Thus, each value plotted in Figs.
12 and 13 1s shown not as a single
point, but as two points connected by a
horizontal (constant R) line,

The rocket sled data may be seen
to agree generally with the prior data.
However, the rocket-sled data points
exhibit considerable scatter, and a
large number of these voints for norma-
lized separation distances below about
3.0 correspond to |R| < 0.1. There
appears to be no physical reason for
such behavior; it 1s nossible that
thegse small correlation values result
from relatively large signal/noise
ratios in the.system. (The occurrence
of such signal/noise ratios may be sus-
pected from the very irregular charac-
ter of the various computed correlation
and coherence functions.)

Convection Velocity

The convection velocity U, of a
correlation is often taken as a tyoical
measure of its time-separation depend-
ence. This velocity 1s usually found
by dividing the stream-wise separation
distancc § for a given microphone palr
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Figure 13
Space Correlution of Roundary Layer

Prenuure Fluctuations in Directinn
Transverae to Flow




by the deiay time 1t for which the cor-
relation R(£,0,t) is a maximum. Figure
14 presents some such results of previ-
ous investigators, as taken from [6].
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Figure 14

Spatial-Separation Dependence of Broad-
Band Convection Velocity Uy, Normalized
with Respect to Free-Stream Velocity U

The correlation functions comnuted
for the rocket sled data were too ir-
reqular (probably because of the pre-
viougsly mentioned sirnal/noise problems)
to permit one to select approoriate
correlation function neaks for comvwar-
able calculations. However, since one
expects the phase ¢ to vary as

6 m et . wE/U (7).

where w » 2nf represents the radlan Fﬁe?

quency, one may estimate U, from values
of ¢/w obtained from compuger-generated
plots of ¢ versus frequency f. Corre-
sponding rocket-glerd data, for those
limited number of cases where definite
values of ¢/f could be reald from the
plots, are also indicated in Fig. 13..
The rocket-sled data may be seen to .
agree reasonably well with the prior
data, ) ' ’

Coherence

. - 'The frequency=behavior.of an homo-
gencoun cross-correlation function is
uaually specified in terms of its Pour-
fer transform, which i{s called the
tross=spoctral density, ’

F(w,€,n) = 5

-

! R(Et'\;‘)e- “nd‘f. (8)

Ll ) .

For zero spatial separation, the :ross-

.~ spectral density reduces to the crdi-
nary power spectral denzity #{w);

FM(w,0,0) = ¢(w)

= L R(0,0,1)e~ Tar , (9)

where R(0,0,7) represents the auto-cor-
relation function (which is independent
of location for homogeneous systems).
One often also normalizes the cross-
spectral denszity with respect to the
spectrum; the result is called the co-
herencet;

clu,g,m = LEWL (o)

In [12] it 18 suggested that for
turbulent boundary layers one may exe-
pect the coherence to cbey

Cluw,&,n) = A(wE/U,)

-wk/ U_c

B(un/U,)e s an

where A and B are two experimentally .
determined functions, as shown in Pig.
154 . .
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Figure 15

Amplitudes of One-Dimensional Longitu=
dinal and Lateral Cross-Spectral Den-
alties. for Turbulent Boundary Layer
(After Corcos, Ref. 12)

Corresponding plots of the Atream.
wise and transverse soherences, C{w,£,0)
and C(w,0,n), are shown in Fips. 16a

" and 16b, respectively, together with

data peints obtalned from rooket-sled
test run 5N-51 (the only run where suf-
ficlent data reduction for éxtraction .
of ccherence data was acoomplished).
These points correspond to several mi-
¢rophone pairs, but only to frequencies

"This definition assumes that the power
spectral density is the same for the
two locations belng cross-correlated,




of 250, 500, and 1000 Hz. Points cor-
responding to these arbitrarily chosen
frequencies® were read from smoothed
coherence-vs-frequency plots for the
various microphone pairs. Although
many of the data points cluster reason-
ably well about the predicted curves,
many data points for wf/U, greater than
about 1.5 lie considerably above the
curves. This discrepancy may again be
attributed to signal/noise problems,
which are evident from the very irregu-
lar character of the experimental coher-
ence-vs-frequency plots (many of which
appear not to decrease with increasing
frequency).

PANEL TokUJ4SE

Prediction Approach

The "statistical energy analysis"”
approach has proven useful for many re-
sponse prediction applications where the
excitations and the responding struc-
tures are only incompletely known [13].
This approach gives only "broad-brush"

®Reference [12] shows that finite trans- -

ducer diameters lead to errors in the
measured spectra, and. that Ccr micro-
phones with radius r this error is less
than 10% if wr/Us is lesus than 0.15.
For r = 3/6 in, and Ug » 0,80 (see Pig.
14), one finds that here the error is
less than 108 if f(He) < 1600 M.
for M v 0.6, the data is easentially
valid up to about 1000 Hz. : -
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Pigure 16a

Coherenc§ of Boundary Layer Pressure
“Pluctuations in the Flow Direction

Thu‘ y

estimates, but has two significant ad-
vantages; 1t 1is relatively easy to use,
and it requires a minimum of input in-
formation.

Dyer [14] has delineated how this
approach may be used to predict the re-
sponses of lightly damped (and also rib-
bed) cylindrical shells, cylindrically
curved panels, and flat panels (typical
of aerospace structures) to randomly
fluctuating pressures. One may rewrite
his results conveniently as

a K
Prms | 2ym?
where
3. wa for ‘-»-2.< 1
‘ ] ‘cL _ °L _ .
8= (13)
1 for £2 > 1
L
and Prms ® root-mean-square oressure in

a piven frequency band

 8ms = presulting root-mean-square .
_ acceleration in same fre-
quency band. '

m = mass of panal (or shell) per -

unit area )
w = 2nf « padian frequency -
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a = panel or shell radius

¢y ® longltudinal wavespeed 1in
panel or shell material
=2 x 10° in./sec for steel
or aluminum

Y = panel edee absorption co-
efficient.

All of the parameters required for
the evaluation of Eqs. (12) and (13)
may be determined very easily, with the
excention of the absorption ccefficlent
Y. This coefficient, which character-
izes the damping of the structure, may
be determined from damping measurements
[15] or may be estimated by use of
appropriate generalized prediction
charts [16]. For typical riveted, spot-
welded, or bolted panels, vy varies be-
tween about 0.05 and 0.3 and increases
with increasing frequency.

Comparison With Test Data

In order to study panel responses,
some of the "boiler plate" panels on
the top of the rocket sled model were
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Frenndren 5nd Acenlerationn Measured on
Payload Panel {n Turbulent Flow
(Teat &NaB2, Mach 1,0)

replaced by thinner vanels in the later
test runs. In these runs, the vibra-
tions of these panels were monitored by
means of several light-weight acceler-
ometers attached to each panel, and the
fluctuating pressures were measured
simultaneously by means of flush-mounted
microphones that protruded through the
panels (but did not touch them).

Figure 17 1llustrates some third-
octave band pressure and acceleration
data for a panel in the payload section
(see Fig. 1) of the model; Fig. i7a
corresponds tc rather rough turbulent
flow, whereas Flg. 17b corresponds to
much smoother reattached flow.

FPigure 18 shows average values of
8rms/Prms calculated from Fig., 17 and
from similar data obtained from a panel
mounted in the S~II section of the test
model, Although the two panels were of
considerably different appearance (see
Table III), the points in Fig, 18 clus~
ter remarkably well — attesting to the
fact that only a very few parameters
affect the response ratlo apmg/Prms
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significantly, and that these parameters
are not very different for the two
‘panels,
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Comparlson of Measured and Calculated
Panel Responses

TABLE III
Test Panel Parameters

Fanel Locatlon Payload | S=I1
Skin (Aluminum) 0,12" 0.16"
Kadius (1in.) 7.57 19.67
Axial length 15.5 34,8
(in.)
Subtended Angle  180° 180°
Ribs Mone 10 axial, plusl
circumferential

Approx. mass

per unit area

{1b/in.?) 0.012 0,000

Also shown in Fig. 1€ are two lines
representing values calculated for varl-
cus reasonable constant values of v. -

“Since for wasey, < 1 Egs. (12) and (13)

. ? 2
indicate that the ratio Drms/arms is
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proportional to ym%?//a, a theoretical
line that corresponds to a certain value
of y for the payload panel corresponds
to a higher value of y for the lighter,
larger-radius, S-II panel, The agree-
ment between the measured data and the
values calculated for reasonable as-
sumed values of y 18 seen to be guite
satisfactory. Unfortunately, direct
measurement of the y's at the vest
panels has not yet been accomplished.

CONCLUSIONS AND RECOMMENDATIONS

It has been shown that rocket-sled
tests can be extremely useful for the
study and simulation of the fluctuating
pressures ‘that act on .aerospace vehicles,
particularly at transonic¢ and high sub-
sonic speeds, and of the associated re-
sponses of surface structures. However,
during the initial (low subsonie) por-
tions of the acceleration phase, noise
from the propulsion rockets tends to
predominate and to make it practically
impossible to obtain useful fluctuating-
pressure data from this phase,

Rocket-sled model data on the
levels and spectra assoclated with tran-
sonic~-shock/boundary layer interaction
and on the Mach numbers correspondine to
these "oscillating shocks" were found on
the average to agree reasonably well
with predictions based on previously de-
veloped methods. Values of stream-wise
and transverse correlations, convection
velocities, and c¢oherences calculated
from the rocket-sled data were also
found to be in reasonable agreement with
similar values obtained from earlier in-
vestigations. .

The .data obtained from the rocket-
sled tests exhibit a great deal of
scatter, In order to determine how
much of this scatter is inherent in the
actual signals, and to verlify the per-
formance of the. data acquisition sys-
tems, it would be instructive to carry
out some comparison tests under less
severe environmental conditions, e. g.,
in a wind tunnel,

Panel response data obtained from
measurements taken during rocket-sled
runs were found to be in reasonable
agreement with corresponding values cal=-
culated from a eimple expression that
was derived on the basis of statistical
energy analysis, These calculations
were based on reasonable estimated val-
ues of the panel edge absorption coef=
ficlent; experiments to measure this

oarricient directly would be useful in
order to determine how well the esti-
mated values uned in-the -calculations
represent the actual values,



It would ve of considerable general
interest to apply the rocket-sled test
system also to investigate the excita=-
tions and responses assoclated with
base-pressure fluctuations and with
flows aft of protuberances and in wakes.
In addition, it would be extremely use-
ful to study the Reynolds-number depend-
ences of the varlous fluctuating-prese
sure phenomena by comparing the 1/10-
scale model data obtained in the pres-
ent program with similar smaller-scale
wind-tunnel model data and with full-
scale vehicle flight data. In addition,
a more thorough study of the structural
responser = to account, for example, for
the effect of matching of the flexural
~ wavespeed with the convectlion aspeed, and
for the nonuniform modal densities known
to occur with uniformly spaced ribs -
should prove to be most rewarding.
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 { t an
rocket sleds is pretty tough and it frequently
makes hash out of preseure measurements. Did
you make any measuremmts cn pansels
orotected from the flow as a check?

Mr, Ungar: No we did not do that, but we

tion sensitivity of sach micropbone and we

lmew the acceleration level at sach microphone,

tasnoure the shock angles, and if eo, bave you
trisd to compare your resulls with theory ?

Mr, Ungar: No, we had & Mard sncugh time
' 8 asd the thock

s

Mr, Ledowits: You are also aware that
programs are a3 fnr computing the cross
correlation of the response dats.

- Mr, : Wa have Ints of crosa correla-
tions to response data but § would like to find a

~ simple way of predicting the cross correlations

or response. It is no trick at all to turn an the

Mr, Van Ert CC-‘ a): .
was A YOu DARS Ry

et wete made as part of the Saturn Program?

H_% No we did not try to match '
ol The Tlght profiles because this was not

really the purpces. | would very much liketo .
have the dpportunity to collect 17100 scale data
from the wind tunnal, 1/10 scale datn from the

&

rockat aled, Null scale data trom the vehicle,

*'Computer Programming for Coerection of Boundary Layer Pressure Fluctuations {or Hydrophone
Size and Boundaty Layer Thickness Effects =Option 1, by Ralph C. Lelbowite and Delores R, Wal.

tace. NSRDC Report 29784, Sept. 1970,




SUFPRESSION OF FLOW-INDUCED VIBRATIONS
3Y MEANS OF BOLY SURFACZ MODIFICATIONS
D, d, Sallet*

Waval Orinarce labeoratory
Siiver Spring, Maryiand

ard
¢. Barezew
ava: srdnance laberatory
3iiver Jpring, larylanl
Jhe Plow-induced ?ibrat‘ens o gn elasticalliy supported
aeylinier ~hich iy -xpes ! to cressfiow  can be reduced by tuwo
zatneds: one m=ethed 15 to changs tne parazeters of the
v‘“r?* crar sy=i2z In such a shion that the approach
v2le : 2q cr axigcaeds tha critlical veleclty, il.e.,
tha 3 large anplitules start to cccur; and
“op educe ti e flow-Induced vibrations
S it S tinder. i.2., to chauge the
~urf This ort ilscusses at length the
affact .lcation the rlow-induced vibra-
Lions. urface moslirications can reduce tha
g gl filutter motions.
TRT= 00T findanestally difTerent weys: one,
Srog :h, ritration dvmamics polnt of
mencen whicn view, 1s to change the elastic support
antu a.ly supported in such a Sashioﬁ that the excitatlon
airoy r Torces will not cause detrimental case
stoa taan nsively . wotions: twu, from the fluid dvnaaices
iisc =82 s in the point of wview, is to Infiuence the
past thig invastiza- ~echanism by xhich energy is transferred
tica, 2 suppo*ted owlin- frox the i owing medlum to the vitrating
lz2r is a submarsged zoorci buoy, 21 gyster In zuch A Taghioan us to
Ineres in dlaneter and . inches leoail. inhibit an asymmetrical pressure dis-
This ey.iniar has pesitive buoyancy and trivution whi~h alternates pericdicaliy.
Is rastrainet from risin: tc the sur-
face or Leins swept downstreanm Ly a The :"irst approach, i.e., changing
r'1.; catla whlch is attached to the ti2 elastie support parameters, 1s of
¢ Tance of the eyiinder, The resuit- iy iimited interest. As 's easily
! vibrational sysiam resambles a visvalized, these paraneters censist
dabie pendu un,  etrirental Uiatter in the present systew of the mooring
otiong ooour when the moored .ystom ie cabie Jenigth, the posifivu buoyancy
auplected to currven el ereaad s {the displacedent voiume s fixed) and
oartain oritioas the separation dlstance of the centers
) of aravity and huoyvancy. However, gdue
METHUDR P OPTHTTER O PLGNVINTION to the desired [lexidliity in enploymerw
ol the buoy system and due to the
Thw prebiem of prevantang these Inherent design reatures of the system,
se; f=axoltad 1hvetiona, cr at least the meoring cable length wust stay
\P‘UP'Wp the (mpiltudes to a eolaeggble variable cover large limits and the
Tavel, 280 bhe agp:oachzi in two remaining two parameters cannot be
aiterad cignif{ca:tly. ™e nnget of
TTeASsce, Prefassov, ,eﬁar,uqn* of Tiow-inducat aotion carroty thorefore,
dachanics ., Fncinearing, "milversity of be appreclabiy delayzd, A rather
rary:and, Moliege Parrn. Marveend simplistic parametric stuldy sufrices to

Preceding page blank
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clarify and justify this conclusion,
The parametric 3tudy is g'ven in thc
next section.

The second approach, nerely, to
arrest or at leaat sufficiently influ-
ence the fluid ¢ynamic wechanis.u by
which energv is transferrsl from he
ocean currents to the ssciliating
eylinder, is of more practical inte-ast.
Upon closer examination ~»f the flow
g1ound a blunt body such 83 a 2irgular
cvlinder, the fcllowing physical
peenonena are observed. Vortinzity is
rontinuously created on the upstream
face of the cylinder {see Figure 1).
The ax23 of trese small line vortices
sre parglle: to the cylinder axis.
Since the length-to-dlametsr ratio is
five, a two-dimensional flow considera-
*ion [s sufficient. The vorticity is
cenvected to the rear of the eylinder,
where it will cause two large vortices
of opposite rotation to form. As long
as the Reynolds number (based on the
undlsturbed apprcach velocity, and the
cyiinde: diameter) remains below 5C,
the vortices wlll remain attached and
symmetrical o shown in Figure 1. Once
the Reynolds nunmber sxceeds a value of
approximately 5C, the vortices will
shed from the cylinder. The vortex
shedding cccurs periodically. The
relation between the frequency of
vortex shedding, the fluld veloclity
relative to the cylinder, and the
diameter, was originally determined by
V. Strouha! [2}:

(%)

d from
g;fvr?v‘:ﬂ.ab!: - COPY.

Fig. 1 - Staticnary Vortlces

The censtant of proportionality 3,

the s0 called Strcuhal number, is =
function of the Reynolds number., This
function has been axperinentally
determined for various tody shapes over
a wide Reynolds number range. For
circular cylinders the following values
were found:

216

JE el Lan s - VLR ORI SV

Re < 50 : no vortex shed-
4ing is obser-
ved [3)

50 < Pe < 150 : S = C.212 (1 -
21.2/Rre) [3)

300 < Re < 2000 T § =¢0.212 (1 -

12.7/re) 73]
2x107 < Re <1 x 10°: § lies hetween
18 and 0.21

4, 5}

§
0
[

Re 2 X 105 : es between

11
%5 and 0.33

: £
Re > 3.5 x 10”7 : 8

0.27 [8]

The vortices do not shed simultaneously
but individually in alternating fashion.
Consequently, an &sywmetrical flow
field is established around the cyiin-
der. The integral of the resulting
pressure distribution over the upper
(first and second quadrant) and the
lower (third ani fourth quadrant) side
will now yield tl.: magnitude of the
cscillating l1ift force., The maxima

of these 1lift forces (the so called
Xarzman forces) are of the same order of
mg.itude as the total steady irag
force acting on the cylinder {8}, In
all of the above investigations, which
decermined the Strouhsl rnumbers at var-
ious Rewvmolds nmwumters and which corre-
lated the prossure distribution with
the wake and the forces acting on the
cylinder, the cylinder was held rigidly
in place; {i.e., nc motion of the cylin-
der took place., The resulting near-
wake structure is the well-known Karman
vortex street [7].

From the fundamental observations
described in the above paragraph, it
i{s sven that there are, in “urn, three
different approaches which will suffi-
clencly impair the mechanism by whizh
enevgy 1s transterred from the fluid
flow tc the vitrating hody:

. 1. prevaniing the shedding of the
vartices,

2. preventing the formation of
strong vortless behind the cylinder,
and ’

I, preven:iing the vorter cheddinyg
tc creur suddenly aicong the total
length of the cylinder.

The first approacth, i.e., tn
prevent fiuttar by stabllizing the
vortices, ied to a .omplete success
{8, 9}, It was found that the two
vortices behind t'.e cylinder can cily
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be at rest with respect to the cylinder
1f they lie on symmetrical positions on
the F8ppl path (ses Figure 2) which 1is
given bty the eguations

1

The condition of zerc translational
velocity of the vortices with respect
to the cylinder also requires the
strength of each vortex to depend upon
its position on the FBppl path and the
approach velocity; the required vortex
strength is given by the relation

1,2 (3)

t2y =1 1=1,2 (2)

4 =

X = 20y, (r - _:E) 4 =
r
i

Suppose that due to a disturbance in the
flow field the vortices are displaced
from their position at which they are at
rest with respect to the cylinder. The
vortices will return to their position
on the F8ppi path, if the displacement
of the vortices from this path is
symmetrical with respect to the x-axis
(see Flgure 2). An asymmetrical dis-
placement of the vortices from thelr
equilibrium pesition wili result in
instablility, i.e., the vortices will
shed,

THTE

Fig. 2 - Equillbrium Positions of
Vortices

A method of stabiiizing the vortices now
becomes apparent. If a thin plate is
placed along the x-axis and perpendic-
ular to the plane of the paper, the
x-axis must then be treated as a sniid
wall. Due to tne lmage effect, any
displacement of a vortex is symmetrical
with respect tc the x-axis and stability
is therefore guaranteed. The technical
realization of ihis principle, a .
splitter platzs, is shown in Figure 3,

The second approach, namely, to
vrevent the forvmmation of strong vor-
tices vehind the cylinier, has led only
to & partial success. It was attemptod
to creaie many small vortices having
vortex vectors which are at right
angles with respect to the cylinder ads,
In this way, it may be possible to
prevent the formstlon of a strong vortex

B T T
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with a vortex vector parallel o the
cylinder axis. Ro analytical solution
has b2en attempted. However, an
extensive experimentsl program was
carried out. The vortices at right
angies to cthe cylinder axis were
generated by a matrix of small circular
cylinders mounted on tha surface of the
large test cylinder. These little studs
were made of lexan or rubber. Figure 4
shows a typlcal array of such studs.
The lexan studs were bonded to a thin
rubber sheet, which was then wrapped
around the cylinder, Flgure 5 shows tle
large cylindrical rods (1 irch in
diameter and & inches loang) attached to
the test cylinder. Further detalls as
to size and spacing of these surface
modifications are 3escribed later in
the report.

The third approach, which can
sufficiently impair the mechanism ty
which energy is transferred from the
fluid flow to the vibrating system, is
to prevent the vortex shedding from
cccurtving suddenly aiong the tctal lawgth
of the cylinder. The method of finding
solutions for this approach was again
implemented by means of a large-scale
experimental test program. Different
surface modifications, such as spirals
cr irreguiar protrusicns, were fixed
to the test cylinder (see Figure 6).
¥hile such modifications solve a
similar flutter problem when the
flowing medium is air, extensive tests
of many varlations of these surface
modifications showed only limited
diminishing of the self-excited
vihrations in vater.

CRITICAL FLOW VELCTITIES

The free-stream velocity at which
flutter starts :s called the critical
flow velocity Usyrit. The flutter
motions of the system wili start as the
vortex shedding frequancy approaches
the natural frequency of the system.
From tquatios (1) we may therefore
estimate the criticat flow veloclity as

. D . .

Uertt = & Trat ()
1t is #ge.. that for a system having
several degrees of freedom, several
critical [low velocitles may occur.
Howaver, since the flutter motions
occur cver a large range of approach
veloclities, so that very often the
system may still be in a flutter state
due to its lowest natural frequency when
flutter due to its higher natural fre-
gyuencles starts, the lowest critical flow
volocity will be of prime importance,

A slmpitfied analysis suffices to
predict the critical fiow velocitins
of the submerged moorzd cylinder,
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Cylinder with Splitter Plate Fig. 5 - Array of large Cylindrical

. Protrusions
Reproduced from
best available copy.

1g. 4 - Typlcal

Arruy of Lexan Studs Flg. 6 = Typical lerringbone Pattern
(5/8-1nch nylon rope)
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Assuming an initial simple excitation
in a vertical plane, the equations of
zotion of the ~vlinder in a stagnant

fluid (no forc ;g function is acting

on the cylinder) are:

[ % cos (v-8) - &° % sin{c-8) +
(5)
W in 8 + B
EL-SH T‘irl(l*o
and
v+ 242 cos(®-8) +
nd™+I
§2 Ldnm sin(v-8) + {6)
mb"+L
Wi B _
T‘Siﬂ@"’-—-é-—xz—o

mi"+1 meT+I

where ¥ = B - W,
shown in Figure 7.

The nomenclature is

CYLINDER

CENTER OF TOTAL MASS

MOORING CABLE

Fig. 7 - Nomenclature of Vibrating
System :

In deriving Equations (5) and (6), it
was assumed that the center of mass of
the cylinder, the center of added mass,
and tne center of buoyancy coincide:

Lw = LB =4

(7)
The damping which occurs over the
complete cylinder was considered lumped
at the top and the bottom of the cylin-
der, 1In this way, all of the occurring
motions are damped., For "velocity
proportional" damping K, and Kp, assums
the values:

a9

w

-(8_)
(s}

K, = 218 + Hb cos (v-8)
K, = H[K® + Lb cos (v-8)]

For "velocity squarad proportional”
damping Kj and Kp, assume the values

K, = 3/2 { 1252 + (1282 4+

128° + 2rHde cos(w-e)]% {10)
(L§ + HO cos(c-e)]}
and
K, = 3/2 (1282 + H6? + 21185 cos
C (e-0)) (5% + (11)
s cos (v-8)]

For the vibrational system here
considered, Un,;jt may be estimated by
employ'ng tne undamped natural frequency
of the linearized syatem. Equations
(5) and (6) are linesrized by limiting
the motion to small angles, so that
sind ~ 6 and sino = ®., These condi-
tions vere met for the initial cylinder
motions experlenced within the experi-
mental part of thils investigaticn as
long as the.approach velocity of the
fluid did not exceed the critical
value. For the simplified configura-
tion for which Equation (7) is wvalid,
the circular frequencies are: - -

"y Lot
*{(—r‘”m)}if“l_
2. md-"+1 :
w =W — (12)
1,2 2 (1 Lem )
e
where
A T e .
1 mé T+ mL TmdT+I .
Y {13)
(=)
mL (ML +1)

For the case in which the center of
mass of the cylinder, the center of
added mass, and the center of buoyancy
do not coincide, Equation (12) becomes:

{LBB-L W
w_ "
2 | mPa1 mL § + /Ry (14)
1,2 2( mte
; L -
mLE+I
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The criticai velocitiés near which
.exceasive amplitudes will start to
occur, therefore, are:
' (w, 5)D
Up,2(crit) = —5R8 (16)

where the circular fraquencies wy » are
given by Equation (14) for the mote
general case and by Equation {12) for

“ the physlcal configuration for which

Equation {7} is valid.

For the sake of clarity, it is :
best to present Equation (16};,which

contains the rather complex term (12), '

or term (14), graphically. The cylin-
der 1n this parametric study algo has
a dlzmeter of 21 Inches and a length
of 108 inches. o '

Figures 8 to 13 give the frequen-
cles and critical veloclties as & funce
tion of the 2able length, Whlle for
Figures 8 to 1i the separation "s" is
tield constant and the parameter "W" is
varled, Figures 11 to 13 show the
influence of the separation "s" on the
critical velocity with the positive
puoyancy "W" held constant. Figures 9,
1i, and 13 show tne critical velocities

* when the moment of lnertia I is 20

percent lower than the theoretically.
calenlated value, When dariving this
valuc,” the added mass was assumed to

be equal to the mass of the dlsplaced
flvid, . This rather customary assump-
tich (for long circular cylinders)
proved to be quite accurate when pre-
diated natural [requenciles were compared
wist the frequencles obtalned in pendu-
luny tests in water, as leng as the
metdon of the cylinder was basically

a translatory motion. When the higher
natural frequency 1s excited, the
cyfinder will undergo a rotary motion
areynd &n axis which is perpendicular
to the plane in which the transglatory
motirn occurred. For this type of
motion, the added mass 1s smaller than
the- mase of the displaced tf'luid.
Experlments suggested the shown lower
valus for the moment of inertia., The
dottsd line in Fipures 8 to L3 is valid
for the cylinder which was teasted in the
full-scale towing tests (see Mipures 15
to 18) and to which also surface
modit'ications were applied. The param-
eters for this cylinder were:
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W= 319 1ba, w = 999 1ba, s = 12.0
inches, and I = 542.36191ug-ft .

TEST PROCEDURE

A 20-foot flexible steel cable
moored the cylinder to a sled which
moved on tracks along the bottom of
the tani (Figure 14). quartz-iodide .
lamps (650 watts) were used in the tank
for frontlighting: A six-lamp light
bank was placed slightly-above camera
level on the south wall of the tank.
Another six-lamp light bank was placed
on the east wall at the begirning of
the effective range, and about 22 feet
above the bottom of the tank. "A nine-
lamp light benk was also placed on the
east wall about 25 feet downrange from
the second light bank and about 22 feet
above the hottom of the tank. The
camera was placed at the south end of

_the tank about 32 feet above the
. bottom of the tank and behind the

center viewing port.

-

CYLINDER
-

FILM CAMERA

| 7]

Flg. 14 - Test Arrangement

The driving D,:, motor moved the
towing cable which was attached to
hoth ends of the sled.

For tests A-ll inciuslve, a
Mitahell 2wmm camera with type no, 2479
film was vsed, operating at abeout 2h
frames per second. For the remalning
tests, a Flight hesearch 3%mm camera
with a 25mm lens was used with type
no, 2479 film, running at about 10
frames per second.

In a typlcal test, the sled towed
the cylinder, starting from a position
at rest at the south end of the test
tank. When the front end of the sled
was observed to reach the starting
point of the teat run, the camera and
an electric tiner were started, When
the front end of the sled was observed
to reach the end point, the camers and
timer wera stopped, Time of travel and
motion obsgervations were recorded, The
approach distance %o the start of the
run was 40 feet., The length of the test
run was 43 fest long.
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the other, . -

SURFACE MODTRICATIONS

Most surface modifications were
fabricated onto three sheets of 1/16-
inch-thick Neoprene (Shore Durometer
8045) which were then taped onto the
cylinder, The description of the
various modifications 1s as follows:

A. No surface modification.

D. 1/2 inch in diameter, 1/2-inch-
long lexan rods spaced 6 inches in a
row, and 3 inches in a column; rows and
columns were staggered, (Columns run
parallel to the cylinder axis.)

E.
diaueter.

Same as D, but 1/4 inch in

H. 5/8-inch nylon rope, herring=
bone pattern, 45°, rope separated 6
inches on centers.

I. Same as D but 2 inches long.

J. Same ag E but 2 inches long.

K. Same as D but spaced 3 inches
in a row, ‘

L. Same as E but spaced 3 inches
in a row.

N. Same as H but 60° pattern.

P, Same as H but 30° pattern,

Q. Same as P but-rope is separated
6 inches on centers,

R. -Rubber rods 1 inch in diameter
and 6 inches long, separated 5-1/2 - -
inches and bonded on 2-inch-wide rubber _ :
strips, The stripe are separated go -3
that the rubber rods are -6 inchesr apart , i
on centers., Rods line up, one behind. oy

5. Same as P except that the

" geparation between the strips is such .

that rode are 3 inches apart on centers. :
This modification reduced the positive - - H
buoyancy of the cylinder by 1% pounds. oo

Y. Inverted "T" rubber spiral,

G turng around the case,

. %, Irregularily spaced l/h-iﬁch~
by=l<incheby-l-inch rubber protrusions,

- AA. 2-inch-long triangular rubber
pleces spaced 3 inches In a row, 5
inches in & c¢olumn, rlat sldes facing
aach other in pairs, (Columns run

parallel with the cylirder axis,)
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BB. 0.032-inch aluminws lngle 3/4
ineh by }/2 inch by 3 inches long,
separatad 3 inches in a row, 4 inches
in a coluan, (Columns run parallel to
the cyiinder axis.)

TEST RESULTS

The films of the cylinder motion -
were reduced on a Vanguard Motion
Analyzear, The courdinates of ths four
corner points of the cylinder whan the
cylinder was in the extreme left or
extreme right position were recorded.
The deviation of the geometric center

ef the case from i%s equilibrium peosi-
tion was calculated utilizing a BASIC
voaputer program to parform the neces-

- sary averaging prucedures,

Figures 14 to ld show the anpll-
tydes In cyllndar ‘Alameters of the
goomutric center of the cylindar as u
ranntlon ¢l the towing velocity. The
fuil line, which ig repeated for all
feur flguray, ahows the motion of thy
vasic cagd. The paramatars of this
dyilndaer are gilven at the end of the
seellion on critical flow wvelooities,

- By tha rathod shown in this seetion,

the iewer critical velocity for thia
eylinder ia prediotad te da .37 zneot,
and the highor eritical ve&ncizy fa-
prodteted to be 186 knot&. It saon
From Flyure i that the firat “resos
nanc=" starts at the prodictad valua.
Since the sritica) valocity Ly bagsd
spon the veloclity of the rlutd reiative
L& the cylinder, and alnce at hilgher
valacitias the cylinder motion 1s snt
oniy dun ko towinv But alze due to

o ayllnder Ciutter tn Lt8 primary acla,

the predictay value of the hicner
cridlizal veloelty 18 roughiy -orifted.
(An azact determinotlon off the. £luld

-velaeity with ragpoct o the eylinder
Hay ‘not uhdﬁrtafon, but Just ceustimatad, )

Fleuros 195 and lh thow thh ampx(- -
tude a8 a. Functiun of thd towlng-
valoclty Cop surface modifications
shich warn intonded to pravant the
formation of strony vorticen. Flegurea
L7 and 1% phow the amplituds an a
function of the towing vnioelty for
surfase modif{cationa Interdad to
pravent the vortud shedding from
accurring muldanly along the total

dength of the cyilnder,

" Tha preblea of fluctuating 141t
forcan dys to unsymmetrical f'low around

“blunt hodles has baen repoatedly invege

tizated during the past 35 years. The
tulk of thaswe invastigations was
undertaken to find a remedy to a
apecirlc flutter problem. Usually a
"try-this and try-that" type phllos-
ophy governed thu oxperiments, The
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authors of the present report were led
by some, mostly intuitive, r=asoning in
their choice of surface modifications.
However, only the response of the system
and not the flow around the cylinder,
wag observed and recorded.

It !g of utmost importance to
relate the flow fieéld characteristics
¥ith the response of the system if any
results of mere unilaters! validity are
to be cbtained. Further experiments,
therefcre, should include flow
visualization.
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DISCUSSION

Mr.Uﬁ»ﬂ (Bolt Beranek and Newmarn):
Have you tried to corrolate the effect of corre-
lation length along the cylinder with the ampli-
tude response, or have you studied the effect of
turbulent fluid?

Mr, Sallet: Yes, the facility always has
water pumps running continuously to keep the
water clean, In order to see the effect of what
might be called a rather large scale turbulence
1 ran tests with the pumpse running and then ran
tests with completely still water, allowing two
or three days time for the water to settle, 1
saw no appreciable difference between the re-
sponses of the system when the pumps were
running and when the pumps were not running,

Mr. Ungar: 1 guess those turbulences are
very large compared with your test systems,
In buildings I think it has been found that the
response to turbulent winda {8 much less than
the response to clean flow, I am almost inclined
to suggest you might see the same sort of thing
and that you might get some relation between
your response and the correlation along the
surface, It would be too hard to measure pres-
sure correlations on the surface,

Mr, Sallet: No, if you are thinking of ob-
taining turbulent boundery layers we are within
that range, We will have turbulent boundary
layers and even at low speeds 1 have tripped

the boundary layer on purpose,

Mr, Ungar: One reason that the spiral
idea wor hat the vortices are not shed
along the catire length,

Mr, Sallet: Yes, lhni was the tden behind

~ _ them, But again one has to be very careful when

applying wind tunnel data to a water tunnel, 1
find that time and iime agnin methods which do
reduce this type of vibration in air do not most
of the time reduce the vibration in water,
Mr, Martin (NASA ley Research Cen-
ter): Are you lamiliar with the study of oscil-

lations in tethered spherical balloons in high
winds that was performed for the military at
the Langley Research Center? These balloons
were used for antennas or distress signals, I
believe Tracy Redd performed a study similar
to yours in shaping the balloons,

Mr, Sallet: Yes, I am familiar with that
report,

Mr. Martin: You called this type of insta-
bility flutter or self-excited oscillation. 1
would not consider that to be a flutter or self
induced oscillation. I consider a forced oscil-
lation as one in which the force exists on the
body whether the body is moving or not, then if
the body responds to that force it is a forced
oscillation. If a body has no force when there
is no motion, and if a force starts as a result
of motion, and if the phase of that force is such
that it reinforces that motion, then that is a self
excited oscillation or flutter. I would conaider
your study as strictly on forced oscillations, I
the body stops vibrating the force exists, it does
not start as a result of the oscillation,

Mr, Sallet: No, even by your definition it
is flutter because the forces increase if the
body moves.

Mr, Martin: The forces may increase but
they are there if the body does not move, The
initial force is there, <

‘Mr, Salm: ‘l‘hat li correct,

Mr, Martin: That s a forced oscillation,
In 2 sell excited oscillation, or flutter if the
motion is stopped there is no force, = -

Mr, Sullet: The forces are there, If you
eramine the spectrum the forces may not be
large enough to cause the body to move so
there may be forces present with no response,
But once the body wnoves the forces may gain
sufficiem magnitude to obtain a response so |
still prefer to call this flutter,




AN EXPERIMENTAL 7 THXIQUE FOR OETERMINING VIBKATION ODES OF STRUCTURES
WITH A QUASI-STATIONARY RANDOM FORCING FUN(TION
Robert 6. Christiansen and Maila.e W. Parscater

Naval Weapong Tenter
China lake, California

1 A slender beam is subjected to rand=m vibration. Thi wmodes of response
of the beam are determined using spectral aralysis ¢ chniqurs made

availabie by the NWC spectral analysis computer prog-am.
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INTRODUCT LON

The response of structures to random load-
ing has been treated theoreticaliy by many in-
vestigators (Ref. 1 through 4). However, the
experimental corroberation of these theoreticel
modes has not met with much success. Those ex-
perimeatal investigators venturing into ithe
fiecld (Ref. 5) before the advent of the Fast
Fourier Transform (FFT) were doomed to -tedious
aumerical Fourier transformetion techniques.
The calculation cf cross-spectral density func-
tions and trans’cy functions required that the

cross-correlation function be computed via analog

computer techniques, followed by numerical com~
putation of the Fourier transform of this func~
tion. This process was time cunsuming and pro-
vided inaccuracies.

The inceorporation of the FFT inte time
series analysis nrograms (Ref., 6) allowed the
conversion of time series data diruectly inte
the frequency domain (without first squaring
the time series). Several investigators used
this type of analysis technique to examine the
response of simple structures (Ref. 7 and 8).

But evin these investigators encountered
numerous problems, ranging from limited computer
and analysis capabilities to insufflicient equip-
ment and laboratory techniques. Thelr approach
was to attach a small (a few pounds force) ex-
citer ca the structure. Then a force power
spectral dengity (P°D) function was controlled
at a point on the structure that was usually
uncontrollable ’n tecms of the response of the
structure and dynamic range uf the exciter, In
retrospect, these {nvestigators attempted an
approach that led to insurmouatable problems,

In the procens of aaveloping a pusliive
empir!zal werhod of calibration and evaluation
fcr the NWC spectral analysis computer program
(Ref, 2), the responne to random acceleration of
the boundary of a fixed-frev beam was meanurvd
(Ref., 10) The relatluaship between weveral
points, each to the other, was analyzad in the
crosn-correlation portion of the program. By
careful fnepectfon of textbook exampies of beam
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modes shape. in conjunction with grior knowledge
of the posirioning of the respcnse accelerometers,
cerctain relitionships in the cross-functions
could be ccrroborated and proper program opera-
tion could be verified. ’

The corollary this suggested was obvious:
through a known rapdom input at the boundary or
properly chosen structural point, ‘the modes and
modai frequencies could be determined, Further--
msre, if the spectrum shape of the excitation
is free of large peaks and valleys, it is very
eagy to determine the mode shapes frem only re-
spoase accelerometer data, As 1s weli known, the

- frequency response functions for lightly- damped

structvres (Ref. 11) can be determined from re-
eponse data alone, hence, wivn a knowledge of

the input spectrum (smooth), the complete struc-
tural response of "the structure can be deter-
mined. This time savings over traditional ex-
perimental methods of determining modal vibration
is ¢f an order of magnitude,

" 'EORY

The ‘classical Bernsuili-Euler beam has been
dealt with -n many texts (Ref. 12 anu 13) and
only the resilts are shown here. The equatlon
of mot{ion iu a plane of the beem {s given by

4 2
I R 9’32'— s F(x,t) 1)
ax" at

where y ~ y(x,t), x {8 the position of a point
on the beam, F {n the modulus of elasticity, I
is the arca moment of inertia, b s the mass pm
unit lengii, and F(x,t) is the forcing funciiom,

In the homogencous cawe F(x,t)=0, variables
are neparable {n Eq, 1 with

v(x,t) = AMx) T(¢) (2)

to give sulutions to Eq. 1 in the furm

-y adlia




X(x) = A explex) + A, exp(-ax)

(3)
+ A3 sinax} + A, cos(ax)
2\1/4
Y

where @ = frequency in radians/sec.

Using the boundary counstraints

2"'
Simple Support: Y = 0; 3y . 0

sz
2 3
Free Support: ¥y, o, 3y. 0
2 3
x 9x

Y =0; . 0

Fized Support: %

and evaltating at x=o and k=%, the following
frequency equations are obtained

Fixed-Simple: tan (al) - tanh (al) = 0 (5)

Fixed-Free: cos (al) cosh (af) = -1 (6)
Fixed-Fixed: cos (al) cosh (al) = 1 (&)
Free-Free: cos (al) cosh (a) = 1 (8)

Solving for consecutive zercs in Eq. 53-8
yields the modal resonant frequencies. (The
v first 20 roots to Eq. 5-8 sre given in Appendix
(A A))

The values of "a" 1{sted in Appendix A and

the corresponding frequencies predicted by Eq. 4

are somewhat in error for the higher modan due

to the omission of shear effects and rotary

Inertia. These effects (Timoshenko heam) are

accounted for in the computer program® used to
. calculate the modal shapes and frequencies. The
. 3 affocts of the masa of the accelerometer and
accelorometer cables were omitted in this
calculat fon.

The spectral functions and theory uned In
the anglyals of the beam mition are vell known

(a good overall presentation is given fn Ref. 11).

The functions used In thix analysis and the rela-
tionships betveen these functions will de out-
lined tn the followving paregraphs. Several

"Naval Weapons Center. Beam, A Computet
Progras for Calculating the Naturel Vibratios
Nodea of a Non-Uuifotwm Becm, by K. Jeter. Chins
Lake, Calif., MC, June 1970, (NRC TN 4062-49.)

excellent texts develop these relatiouships and
their engineering applications (Ref. 14 and 15).
For a rigorous mathematical treatment of these
stochastic processes, Ref, 16 and 17 are recom-
pended.

In the computation of frequency domain
funcuions, a discrete Fourier transformation of

the time series data at response points is per-
formed as follows:

1 y-1 -y 2muk
Ak - EE Xae N 9

a=¢

where
k=0, N1
N = mumber of da.a points in time slice

xa and Ak are discrete Fourier transform

pairs and Xu is given by

N-1

i
Xa - Ake

k=0

2;““ a=0...8 (10

Here Xa i{s the value of the time series at the

pcint aAt in tie time slice, At is the interval
between digital samples, NAt is the period of
the slice, 1/NAt=AF 18 the fundamental frequency
of the tranaform, kAF is the upper cutoff fre-
quency, AF 1s the lower cutoff frequency, MIF fu
the bandwidth, and M is an integer,

When two or more time serics ara to be
sxamined, the time rlice is such that the funda-
mental frequency {AF) {s the same. Iu addition,
when complex response functions are used to
examine twou or more points for cross correlation,
the time sli{ces examined are such that asach re~
cord {s examined during the sase period of time.
This is a simple fact to atate, but often over-
looked when digitizing pajrs of data signals.

All of the functions sie dincrete in nature
s0 that these functions are only approsisations
of the rigorously developed continuous functions
as shown {a Ref. 11..

The {ollowing functions are used fn the
analysis of the beawm:

c‘.(t) e Fover-ipectral Demmity function
(FSD) or auto PSD of & respovae

_ point et = on the bdeesr. In thie

report the PSD viil be the squate




DT CT P UT TURPS A

of the Fourier coefficieats ob-
tained when the time slice of
interest is transformed into the
frequency domain. These coefii-
cients are then divided by a con-
stant (the filter bandwidth).

G__(f) = Cross-Spectral Density Function

Xy (cross PSD) between the response
at point x and the response at
point y. In this report the
cross PSD will be the complex
product of the Fourier transform
coefficients of a time slice out
of the time gerfes x(t) and y(t).
The resulting product is then
divided by a constant (the filter
bandwidth). The croas PSD is a
complex vector vhich can be
written as

~1d
Oy (B = 16, (D) ey

- € (£) ~1Q, (D)

where
ny(f) = Co-spectral density function (Co)

Qx (f) = Quadrature-spectral density
4 function (Quad)

¢xy(f) tan Co = Phase angle

argument of the conglex vector

The following point~to-point relationships
which utilize the cross PSD are used in the
analysis of the beam motion.

The transfer function Mx_(f) (s complex
vector} is defined as Y

G.y([) - N!y(() cxx(‘)' or ny(f)

G"(()

. 7 -fixy(l)
b'l(f)

. ho"un.
also Yor & third point (l)‘un the beam
G,,(l) - N"(() . Hy.(i) c.'(r)

or “ut(‘) - N'y(f) . Hy!(f)....

A i i .
or Aﬁ’.(l)u . ]va\l)l :U,.(¢>|.~-

« getn factor of medulus of the cosplex
vectar (this assumes 80 feoddack)

and

8g(E) = & (F) + &, (F)

The transter function is determined by the
physical characteristics of the structural sys-
tem between the response points. Hence, if a
suitable math model cortaining structural system
parameters does exist, empirical determination
of the transfer function implies empirical deter-
mination of the system paramcters.

The ordinary coherence fuaction is

2
2 e, (6)]

Y(E) = Gxx(f) ny(f) <1

It is a measure of the amount of coherence be-
tween the response at points x and y as a func-

tion of frequency. When yz-O, the responses are
incoherent; i.e., this is not a vibration trans-
mission path between x and y on the beam at a
given frequency.

EXPERIMENTAL DESCRIPTION AND TECHNIQUES

When the beam was mechanically excited, the
auto-spectrum of the boundary motion was shaped
and controlled using a Ling ASD/80 Equalizer/
Analyzer (Fig. 1). This equalize=/analyzer is
common to many enviroaucutal test laboratories
and is capable of 25 Hz bandwidth control from
100 to 2,000 Hz with finer bandwidth control
below 100 Hz. The electrodynamic exciter aund
power amplifier were Ling Models A300 and 10/16,
respectively. The input boundary motion control
accelerometer was an Endevco Model 2270 used in
conjunction with an Endevco Model 2713 charge
smplifier. During the experiment the calibration
sensitivity for each amplifier was uelected such
that the maximum sennitivity would be three times
the snticipated overall rma test lovel. This s
important fur signal clipping considerations and
maximum nignal to nolse ratio., Endeveo Model
2226 remponse accelerometers wvere used in all
cases. The charge amplificrs uned were, again,
bndevco Model 2713 (Fig. 2). The overall level
of the input snd the response accelerometers was
monitored using a Ballantine true rmm voltmeter,
while a Tektrunics onciiloncope was used to
sonitor the tnputs and responses for waveform
and possitle clipping.

The fuputs snd responces wvere vecotded on
sagnetic tape using an Ampex ESING tape recorder.
The record speed wvas 80 in/aec (PN record, 108
kN2 ceniter freguency), ‘402 deviation which
alloved saxi{sun signal~to-noise retio while pro-
vidiang digitizing flexidility for plavback at
slover tape specdn, The analop/digital conver-
sion process included sn Ampex FR 600 tupe re-
corder, used durtiug playback mde, and an A/C
anplifter used a» an amplifier/impedance matching
device (Fig. 3). The tape output wmignals vere




ACCELEROMETER

OUTPUT l\
POWER AMPLIFIER
LING 10/18
LING ASD/80 ’ VIBRATION EXCITOR
AUTOMATIC LING A300
RANDOM VIBRATION
EQUALIZER/ANALYZER
CHARGE AMPLIFIER
SERVO INPUT
TO AMPEX ES 100 TAPE RECOROER
FIG. 1. Vvibration Control System.
BEAM
o N
\ <
N
™ enoeveo 2228 v ENDEVCD CMARGE
ACCELEROMETERS AMPLIFERS, 2713
Lo
N
1%
N
V"
AMPEX ES 100
FM RECOROER
AT 80 IN/SEC
FIG., 2. Accelerometer Output Recording Sequence.
: Q C
N [ ] Ia
ANALOGUE t
TO OIGITAL > COMPUTER .f
CONVERTER (BUFFER)
DYNAMICS
A/C AMPLISIER - -
AMPEX FR 800 DIGITAL TAPE
TAPE REPAODUCER RECORDER
FI1G., 3. Digitizing Sequence.
a3




fed into the A/D converters.. The IBM 1800

acted as a buffer (1,028 1l6-byte words) which
would transfer each buffer load onto a digital
tape. The A/D system was limited to 8,000
sanples/second/track, hence only two channels

of data were digitiszed at a rate of 4,000 samples/

second. Due to phase considerations (Appendix B),
twvo methods of sempling were used during the digi-
tizing process--linear and sample and hold. The
data were properly digitized and put into format,
then processed by the NWC spectral analysis com-
puter program (Ref. 9) as shown in Fig. 4.

1 NO. 1 coMpuTE
frts el OUTPUT

1NPUT COMPUTE

DATA FOURIEA XFORM
CO-SMECTAUM

COMPUTE ourhT
$DA. QUADRATURE SPECTAUM
COHERENCE FUNCTION
COMPUTE outruT
°"°1s.,':,§§.‘”c' TRANSFER FUNCTION
CROSS-PS0.
ouTruT
cOMPUTE
PO.A. e e
PHASE SPECTAUM
CH NOD. 2
INPUT COMPUTE
DATA FOUAIER XFORMW
COMRITE et QUTPUT
FIG. 4. Computer Scheme,

To achieve fixed (stationary) boundary con-
ditions, a 1 in2-cross-section solid beam was
attached at the fixed end as shown in Fig. 5.
The slot that held the beam was machined to pro-
vide 2 height clearance of 0.005 inch and a
width clearance of 0.011 inch., The slack was
compensated for by using brass shim stock. The
simple end condition was hardest to achieve.

The technique used was to mount the beam between
a knife edge and circular bar. When clamping
the knife edge and bar to the beam, rubber washers
were used to allow some give in the fixture and
preclude support of bending moments. PFigure 6
shows the fixture used to achisve the simple
boundary condition., When fixed-fixad, fixed-
simple, and simple-fixed boundary conditions
were required, one end of the beam was rigidly
attached to a concrefe wall, 2 by 10 by 30 feet,
while the other end was attached to the slectro-
dynamic vibration exciter as shown in Pig. 7..
The response accelerometers vere mounted at nine
places, symmetric abcut the center of the beam
for the 100~ and 102-inch-long beam and in aix
places for the centilever condition (Fig. 8).

The following contigurations of end condi-
tions and excitation points were examined for
the 1 ind-cross-section solid beam:

Excitation from ons (ixed
end (100 inches long)

" Eweitation from the
fixed ond (52 tnches
long) : '

Excitation from fined
end (and the teverse
case) (102 inches:
long)

a., Fixed-fixed

b, Fixed-fres

¢. Fxed-simple

Acoustic excitation
only (108 inches
long)

d. Free-free

The locations of acceleromsters on the bean
were dictated by the anticipated mode shapes.
They were placed so that their position on the
beam coincided with the maximum nuveber of anti-
nodes within the desired spectrua, Each accel-
sromster on the beam vas aquidistant froa the
adjacent accalsrometer. )

_The proper operstion of the spectral anal-
yais computer program was verified by measuring
the auto-spactral density plots on both the Ling
ASD/80 Equalizer/Analyser and on a Time/Data 100
analyser, ' :

The beam used in thia experizent vas mes~
sured for cross~section arsa, length, sass, and
mass denaity variation as showm in Teble 1. The
vaiues for Young's modulus umi density vere taken
as ASM 2024 aluminum alloy with the weight/length
measurement used 3s & cross check on denmfty.

The density uniformity was veuified Dy an wltre-
_sonic scun which detected no variations in
detaity greater than thome dictiated by volume
variations. . -

. The bean vas manufactured via the coatiny-
ous extrusion method which involves large tewp-
srature gradients during the cooling process.
Dus to these temperature gradiants, a slight
nkew and bend vere noted in the besn, This ekew
and gravity biss vould éftect the sode shape

-~ {wigenvectors) but not the mcdul frequencies

~lhigenvalues).

T T T O




FIG. 3.

ne. 1.

Ates, A

Fixed Joundary Fixture.

Mun View of Fired-Simple Mry Mlum Gan wnd 1 mncud W the

FIG. 6. Simple Boundary Fixture.

shaker while the uther i3 commected to & concrete wall.

ruuz 1. hnﬂmul Beas Fhysical cuururuuu.

B N YN

Parameter

Value

Varistion

Young's Wodulue, £
Length, L (eversil)

Velght, ¥
Velght/uatt leagth, ¥

10:6 = 10° W/1a

108.32 taches
0.998 1a
10.060 pounds
0.100 1b/1a

10.3 » 10° compressios
10.7 2 10° tewston
+0.00%

90‘w1

sd.ﬂﬂl

" 10.00)
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FIC. 8. Accelecometcr Placenent and Dimensions.

RESULTS AND DISCﬁSSIOI

Analyels

I
i

The method of analysis iavolvei  he exami-
nation of an auto functio~ for relevant modal
{requeiicy information, then progresses (> the
cross functions to obse’'s and vetrieve phase
tnformation. The aute C(unctions yleld frequancy
information and smplituie information; the crosv
functions aisc yield frequency fnformation and
phase tnformation. . The combination ol the ansiy-
sos can be used to ~onstruct the various mode
shapes. Their resolvtion is dependent upon rthe
umber of points baing measured on the beam.

Table 2 show: the calcula.ed modal frequen-
ciss end the corresponding experimental values
for the 100-inch fixed-fixed beaa, the 102-inch
fized-simple beas (excitation from either end),
the 32-inch fined-free beam, a:d the 108-{ich
fres-free beam. Figure 8 shos the accelerometer
placessnts on the bsams. The besm with the

sy LSRG,

‘physical properties shown 1n Table 1 was used

" throughout the program.

Figures 9a, 10a, lla,

- 12a, eid 132 sre typical of the acceleration

ass

e ol s

response spectra for each of the different con-
figurations. Figures 9b, 10b, 11lb, and 12b show
the corresponding boundery input acceleration
spectra; Fig. 13b i{s the acoustic spectrum at the
uic-point of the free-free beam. The acoustic
spectrum was uncontrollable, hence the daviations
in the input spectrum of more than four decades.
“his made {dentification extremely difficult for
all but the firet and second modes. Notice that
sach input spectra (except for acoustics) {s
relatively flat (within a decade), while the
response spectra show large peaks associated

with a modal frequency.

A graphic demonstration that both modal fre-
quency information and mode shape information
are present in auto spectra {s shown in Fig. lda
and 14b. Figure l4a shows the response PSD of
an accelerometer at the center of a fixed-fixed
beam, while Fig. 14b shows the response PSD for

AT,

Pt A e

T




TABLE 2.

Modal Frequencies by Mode Number.

::?e Bernoulli-Fuler | Timoshenko | Experimental
Fixed-Fixed
1 20.8 20.77 20.5
2 57.3 57.14 57.0
3 112.4 111.68 110.0
4 185.9 183.89 180.0
5 277.6 273.0 268.0
6 387.8 379.73 370.0
7 516.3 502.41 490.0
8 663.2 640.91 625.0
9 828.3 794.73 790.0
10 1011.9 963.38 920.0
Fixed-Simple
1 13.73 13.76 14.0
2 44,51 44,52 45.0
3 92,87 92.64 94.0
4 158.80 157.86 161.0
[ 242, 239.83 242.0
6 343,48 338.13 340.0
7 462.18 452,33 455.0
8 538,67 581.93 590,0
9 752,36 726.48 730.0
10 924,35 885. 30 900.0
1 1112.88 vees e
Free-Free
1 17.7 17.67 17,3
2 48.8 48,59 48.5
3 95.7 94.96 95.0 .
4 158.1 156,35 | 1s0.0
3 228.0 232.46 22,0
3 30.0 322,98 3%.0
7 4200 427.0 420.0
s $20.0 $45.0 $20.0
Fixed-Free
1 12.0 12,07 12,0
2 5.8 75.2 5.0
3 211.5 208.9 202.0
4 414.4 404.53 400.0
L] 685.1 638.7 662.0
6 1023.4 966.8 975.0
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FIG. 14. Responass at Points 5. (a) and
7 (b) on tha Fixed-Fixed Basm.

-ats adjacent arculeromater. Notice the suppres-

- sion of even numbered sodes in lda cimpared to
14b. Thie phenomena is readily explainable on
axanination of theoretically computed wode sliapes
given in Fig. 15. (The dlack circle indicates
the location of the two acceleromsters being dis-
cusssd.) The center poaition turas out to be a
nodal point for those modes. ’ .

A rough juantitative determination of mode
shapes would use the asplitudes in the auts
spactra plots. Toble 3 showr normalized swpli~
tudes for each of aix responsa sccelerometers od
-a beaw in Qe fixed-{ree configuration. - The
values of g°/Hx versus irequanny vere converted

to rms scceleration versus fraqueacy, thea sulti-
plied dv.the bendwidih and dtvl“4~ by & coostant

to produce a unitless normalized amplitude com-
ponent. The phase relationships between the
various response accelerometers can be deduced
by careful examination of the co-spectral density
plot and the phase plot. Consider the co-
spectrum plot of accelerometers located at
response points 4 and 6 (Fig., 16), It was
determined that 75 Hz is a modal frequency by
examination of the auto spectra and comparison
with theoretical results, The negative value on
the co-spectrum plot can be thought of as oppo-
sitely directed motion, or when response 4 is
moving in a positive direction relative to the
center line of the beam, response 6 is moving in
the negative direction. Next consider Fig. 17,
the co-spectrum between response 3 and response
6. Again there is 2 negative value, which can
be interpreted as oppositely directed motion of
the two response puinis. Figure 18 shows the
same relationship betveen response 2 and resporse
6. Applying positive direction to responses 2,
3, and 4, and negative direction to response 6,
in conjunction with the amplitude in Table 3,
yields & wode shape indicated by Fig. 19.

Figure 19 also shows the theoretical mode shape.

Alternate methods of determining the wodal
f-equencies car be developed uwsing tha co-
spectral density plots of response accelerometsrs
and the transfer function plots of the input
accelerometer and any outpul accelerometer.
Figure 20 shows the co-spectrum of response
points 6 and 9 on & fixed-simple besm, Notics
the definition of each wodal frequency. Tiw
frequency vaiuss corpara exectly with thoes
observed for auto-functions., The relative di-

‘rection of amplitudes betwesn each point (s

grephically demonstrated tor each frequency.

TABLE )f, Normslized knrl-nnl Anplitudes,

Pised-free | FPixed-fined
7% Ha = % e
Response 0.8 - |- 6.20
Nesponie 2 0.5 1 0.40
Responee 3 0.06 I B RS
Respoies & B RT U B X
Response § oM RE
mesponse 8 | 10 L[ oas .
A B.éwoun_é? B FCOOCCUR S S 2 L S
~ Response 8 BTN S R
Mesponsed | 0 .. L o

Srmee e s T




|

.

L )

-8

e

44

_ b b

AR

L J

Y W

Ky

.

-8

-1

"e

AN

an

"

°ne

[ 1]

-

4%

ans
g
NS

-0

[N

. ;\-‘\“', N i vl aa i dan 2
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FIG. 20. Co~Spectrum of Responses at Points
6 and 9 on the Fixed-Simple Beam.

Figures 21 and 22 show the modulus of the
transfer function and the phase spectrum for the
input and response point 2 on a fixed-free beam,
Each modal frequency stands out on the tranafer
function plot. Verification of a modal frequency
13 helped by observing that the phase angle has
a transition through zero at the modal frequency.
It shou'd be ncted that at higher frequencies the
phase spectrum plot {3 unreliable for the com-
putation scheme used here., When the distance
between two response points becomes greater than
rae distance between two nodes of the mode shape,
the phase plot breaks down because of the fnher-

eat lialtatliona of the tan™! 4. The principle

.

5-“.; v gt

JERTRRSRICITCRNS CPERT SSE S PCPR VI ERNRERARLES Se L

wiluow of the tan™® ? are between -t and n; after
thix region fr léft. there s no way to distinguish
bt the phass victor was arrived at, and only the
principle valup of the phase s computed,
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FIG. 22. Phase Spectrum Associated With
Transfer Function in Fig. 18.
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Figure 23 shows the co-spectrum of points
on a fixed-simple beam and is a graphic demonstra-
tion of ore of the "do's" of response accelero-
meter placement--use symmetry whenever possible.
The logic i{s: since the cross functions are just
8 weassure of what the two points on a structure
have in common (in the frequency domain), the
use of symmetry will make common modes more
prominent in that the amplitudes uill be the
same ar modal frequencies.
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FIG, 230 Calpecirun of Reedonues at Puints
Yand 2 on Fined-Stmple Boam,

~ ithet wwtheds af contieming the extistance
of mpdew ix by eynitatios of acveleratinn tfane-
Jar funttions ditween ripoAse points.  Becaute
of reflr~ticas (leedhack} and vut-of-plaik ende
caupling, the tranafe:r functlima cajculated in
this nuaret srv dependent oo {nput and statisticel
considerithin, However, due to laige respoane
values 2t mdal frequentles, the tranifer {unce
ticae beiveen pninte are relativelv Incerendent
uf {Reut at thame (tequencies,
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An additional method of corroborating the
existance of modal frequencies is hy examination
of coherence function plots. In general, if
response accelsroneter placement is such that

- the ascelerometer is 2ot at a uodal point or a
point where the output is low, the coheranze
funczion wiil be close to 1. This value typifies
a compietely correlated response. If the re-
sponse signal is near to the noise floor or’
nodal point, the cohersnce functicn will be
sosewhat less than 1 at that frequen:y. Figures
24 and 25, plots of points on the canti{lever beawm,
show this bahavior. Notice that at 12, 73, 200,
400, 660, and 990 Hz, thce value is near 1.

Figure 24 shows the coherence function of a re-
sponse acceleromutar piaced near a ncde point
for both the 660 and 200 Hxz wmodes. This graphi-
cally demonstratas one of the pitfalls im usiag
the cvherence function. .

FILTER B - SO W

1
l

HEHH
§ e bl I;l i .
HHII
T i il
HE
i , i\
] g
" i‘ ]
Rt

Cokarcnice Function uf Responsoy
3t Polnts & and 6 un the Fleed-
free Beam.

NA WA LR ud

NE N Tk
-

Ko o7 -

F1G, 23,

Coherence Functiun of Responses
at Points 2 and & ov the Fixed-
Free Bean.

[T T S R P T T o PR T H o v

COHERENCE FUNLTION

FILTEN BW « S 0008 M2

| At 4 1
f | . |
04 o -
Li H H H !l +

il

ne i
i !

iR i

[T ; ! :2; T I!' il

o 1L AR o

9 M0 JO0 MO M K G 00 O don Vo
IREQUENLT w2 ’
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. Figures 27 through 31 show the modulus of
thie tranafer functions between points on a fixed-

" ired beam, digitizcd to circumvent phase problema

%)

(veo Appendin B). “ho relitionship
I ) | . :
M (O]« Ty 0] . g ol
. 2yt
q“‘s(& )i

;n“mi

is verifled ac leant to the aicuracy of our
abiltry to evad the plots.

Figurea 32 through 36 show tho phane spectrum

for the pointa shuwn in Fig. 27 through 3. [a
the reglon where they are valid, l.e., wvhere the
puints are joss than a node apari, the relstion-
ship ’

. B '_l . 4
e Tty Tt i

tn mrified.

COAPARISON OF TECHNIOVE WiTH
GTHER MFTHIDS

To compare the results of the mudal analysis
techniquen develcped In this paper with other,
clannical methodn, the bram used 4s a8 test {tem
in thin erperiment was aubjocted to a more tradi-
tivaal wode] wurvey®, The beam wai tested In
what approcicated a free-{ree configuration by
hanging the beam by cotton twine from the nodex

KRR

Naval Weapens Center. Beam Vibratlon Ex-
periment, by K, Jeter, China Lake, Calif., NWC,
@ Junn 1971, (kegx. 4062-079-71.)
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FIG. 33. Phase Spectrum of Responses &t
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FIG. 35, Phuase Spectrum of Responses at
Points 5 and 6 on the Fixed-
Fixed Beam.

of the first bending mode. An impedence head
and forcve exviter were attached to one end of
the beam and response accelerometer measurements
were made at the center and opposite end of the
beam. Figure 37 shows a mobility plot, the
force input at one end divided into the velocity
of the response at the other end.

To develop auto-spectrum, co-spectrum, and
quadrature spectrum plots of the beam respouse
to a constant-force sine-wave input, a Spectral
Dynamics SD~log Co-Quad Analyser was used.
" Flgure 38 shows the auto-spectrum of the response
accelerometer at the end of the beam. Figure 39
shows the co-spectrum of the response at the
middle of the beam and a point at the end of the
beam. When test plots are examined using the
logic and techniques developed for the analysis
of random data, the same motion/modal information
is developed.
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FIG. 34, Phase Spectrum of Responses at
Points 4 and 5 on the Fixed-
Fixed Beam,
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FIG, 36. Phase Spectrum of Input and Re-
sponse at Point 6 on the Fixed-
Fixed Beam.

CONCLUSIONS AND RECOMMENDATTIONS

Using proper techniques, modal information
can be retrieved from random data. Given certain
minimum constraints on the spectrum of the forc-
ing func..on, the sharp peaks in the response
spectrum can be attributed to the response at a
mode of- the structure. Examination of the re-
sponse plots shows that range between the maxi-
mum and minimum values of the input spectrum
should bte less than an order of magnitude., When
acoustic excitation was used in this experiment
the input spectrum at the center of the beam
varied at least five urders of magnitude, making
the modal information difficult to retrieve.

The precision with which the modal frequency
can be identlfied {8 dependent on the investigator.
In this report, the goal was not precise measure~
ment of the modal frequency, but a general demon~
stration of some of the technijues which can be
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FIG. 37. Mobility Plot of a Cocatanc Force
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are. applicable.

- " ghon would need:to be used.:

e TS ST yvene

- fuqd'mental discrete Fouuer
ttansform freq’.wncy

The uqnputet progrm, uaed in cou*mccion
- with a UNIVAC 1108 digital” computer_ ~had the -
" capability of computing the various complex
furetions. exhibited. - When dealing wito a com-
plex utmcture whogse mddes wre not-widely ltpb
. rated or eakily defined, all of the fnncrifmq
. When the structure
1s .staple with widely spaced mﬁdea which are:

uud c extrac.: the infomtion from the rsndou

data.‘,’iﬂ precise frequem:y iaformation-ié rn-

quired; long time slices”ghould e used wi;h .
.- tabular yrineouts ingt2ad of: plots.' JAfF 1‘ is the )

tdf will be f_hu limit of t aolut,i'b:;‘-"'d.n the ﬁe-

. No'\ J..tnear effects, such” as. boundary reflad.:

e tions (feedback), out-of-plane’ ‘wode coupling,
etc., make ‘the use. of Tedponse triuefer functions
less’ ‘taliable. However; ‘the respoﬂsu .at modes
of the structure are-so large in comperison with
_ Tesponse’ "§¢>non-modal fzequancies. that the rela- -
tionahips po:lirtcd out in the taxt of thiu :epott

FAEOUENCY, b o 7T L easily-uodoled and compared to theory, the auto-
. - spectrum and tha co-gpéctrua would provide all
the. information” ‘negded to totaily duc:‘ibe the
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Appendix B

PHASE CONSIDERATIONS

‘Phase problems aiv present due to the signal
conditioning procedures. One digitizing msthod
used results in s phase lag of one chanmel of
data relative to the other vhen two channels are
sampled. For instance, let X;(t) and X,(t) be
o time series under consideration:

Looking at time records X;, X3, the funda-
sental sampling interval for both records is At,
but the faterval or lag ia sampling first record
X) then record Xz during the fundamentsl interval
%t, ix &ty. Looking st the Fourier transforss
of I‘. xl. the fundasantal frequency of the
transfors iy iF . 'L-%'i ., a0d eny discrete fre-
quency iw ;lwd S Wir .- ﬁ; i the point wanpled
in record x‘ ia given by aAt, the point in x2

Cby (At e :zzl). vrite

_ %1
'.-! - -‘2 'ﬁ - -
*t *28‘“. X k=0.,.N
’ .owe
2] .
L -1 (2 2ak |
.k‘.ﬂE qut-( % fﬁ)k-oa..ﬂ
300

& {s the relative phase hetween X, and X, when
both ate semplied in the same lnto}Vcl Atl

At

. n
I ® 3

Seen in this light, ! becomes & function of
k (frequency). -The higher k, the more pro-
aounced the effect of the phese on the relative

a48

o,

phase between Ak and Bk‘ For instance, in the

system uscd there was a built-in system lag of
Atl = 0.055 wsec Letween channels, while the

sampling rate was 4,000 words/sec/track or a

At of 0.250 msec, then At /At ~ 1/5. Thus,

when higher frequencies afe to be examined or
vhen precise phase information is desired, dif-
ferent digitizin; techniques are dictated, Two
of the records eramined for the above phase pro-
blem ware also examined using a series of sample
and hold amplifiers where the time uncertaiunty

in digitiaing electronics for adjacent channels
is oa the order of 0.1 psec. Thus, uncertainties
in phase information for the second technique are
reduced to the limitations ¢~ the tape recorder
response and variations in systam electronics.
However, these are not considered in this report.

Other problems in interpeting tne phase at
higher modes arise due to mode shape and accelero-
meter placement. The phase plots (shown in the
dbody of the report) were arrived at by calculat-

{ing tln-l Q%%E,‘ of it tne prancipal values

are -7 to n, The problem can best be understood
by looking at the first six bending modes of a
fixed-froe beam (Fig. 40). Points A and B in
Fig. A0 are for reference. Notice that in the
first mode the points are somewhat out of phase;
the phase lag for the second through sixth mode
are as follows:

Second mode m T
n
Third mode o -2“—
Fourth mode w~ 17
Fifth mode w 3%
Sixth mode & 37

The problem in computing phases of greater
than 27 {s how to assign a sign to the phase
angle, or how was the angle arrived at or in
wvhich direction does the vector rotate in a
phasor diagram. For atructural work where only
the lower modes are of interest, this is a minor
problen,
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DISCUSSION

Mr= Smith ?Lockheed Missiles and S%ce
Co.): Inregard to the results were ob-
tained at the lower end of the frequency spec-
trum, Clarkson and Mercer several years ago
showed that the filter bandwidth must be con-
siderably narrower than the bandwidth of the
specimen, In this case your lower frequency
modes did not meet that condition, Therefore
one underestimates the amplitude of the peak
and overestimates the width of the band and the

damping.

as1

Mr, Christiansen: We did not make an
attempt to retrieve damping information but
we felt we had a choice, I one has to trade-oft
one will see good amplitudes at high frequencies
and poor amplitudes at low frequencies if one
uses g2 spectra, But to address myself to your
point, I do nct think that holds in the computing
scheme that we used because we actually have
a filter bandwidth and a Fourier transform
bandwidth, which is another thing, and in this
case it was about 1/4 of the bandwidth you
showed,

g b o gl
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RESPONSE OF AIR FILTERS TO BLAST

E. F. wWitt, C. J. Arroyo, and W, N, Butler
Bell Laboratories
Whippany, N. J.

Overpressure pulses can enter underground nuclear-blast resistant
buildings if blast valves fail to cloae, or transmitted into the building
if such valves be closed directly by the blast itself. Tests simulating
these conditions were conducted at the Bell Laboratories Chester fa-
cility to determine the degree of damage sustained by commercial
air filters and dampers installed close to blast valves, and to deter~
mine the magnitude and duration of overpressure pulmes which caused
no damage or only initial damage. Taest results indicated that air
filters would be undamaged by long-duration pulses with over-
preasure of about 1.3 gl, and would tolerate higher pressures of
shorter duration. No damage should be expected for pulses of 2 to 3
millisecand length with peak pressure of 7 psi.

T T

Much of the long distance communication
network of the Bell System is constructed to
resist the effects of nuclear bomb »xplosions.
Included are the buried coaxial cables with as-
sociated underground buildings. These build-
ings require large amounts of air for cooling
and in the operation of emergency elsctrical
generators, Blast valves ars used on intake
and exhauat ports to prevent interior blast
damage.

It is possible for air blasts to pass

through the valves, Free-field overpres:urecs

of leas than about I psi will not trigger the
valves: thus a long duration, low cverpressure
blast could be transmitted intc the bullding.
The blast valves used in Bell System buildings
are closed before blast arrival by an electrical
control system. These valves, however. have
a blast-closing backup feature. The valve is
slammed shut directly by blast forces on the
moving elements of the valve. If this should
happen, a short duration, high overpressure
pulse would be transmitted into the building.

It is also possible to use valves that blast-
close only. These would always allow some

Preceding page biank
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pressure to be transmitted through. -Valvop of
this type are not now used by the Bell System,
but may be considered for future use because

of their low cost.

Filters and dampers are very vulnerable
elements in a blast-resistant bullding because
they are Incated near the blast valves and are
inherently wenk structures normally designed
for low air pressures. The blast resistance of
sheet metal ducts has also been investigated

{Reference 1},

The tests described in this paper were

. conducted to dmonstrate the resistance of fil-
“ters and dampers to the above described blast -

pulses. The air blast was produced usitg the

shock tube at the Bell Laboratories facility at

Chester, N, J. Blast valves were put upstream
of the filters to produce the ehort blast pulses.

" Longer puises were produced with the valves

removed. The effects of a very long duration
julse were simulated by passing a steady high-
velocity flow through the filters. The lilters

“and dampers tested were typical of those used

in Bell System underground bulldings. Tested

 maa Liasat



TABLE 1
Apparatus Tested

Name Manufacturer Size Model
Rigid Aerosclve Filter | Cambridge Air Filter Co, 24" x 24" x 24" 43D-45
Hi-Flo Filter Cambridge Air Filter Co, 24" x 24" x 29"  43X-45
Hi-Cap Filter Cambridge Air Filter Co. 24" x 24" x 15"  45HC-2500
Flo Filter (roll.type) Cambridge Air Filter Co. 30" x 46" VH RF-3-50
Damper Arrow Lowver and Damper Corp. | 34" x 46" (Made to Order)

were three models of 2-foot square filter mod-
ules, a roll-type i.lter, and & damper with ex-
truded aluminum blades. Model information is
presented in Table I,

BLAST TESTING OF 2-FQOT SQUARE FILTER
MODULES

The shock tube used in these tests is
driven with compressed air released by a fast-
acting valve designed and built by the Defence
Resgearch Establishment, Suffield, Alberta,
Canada. The expansion section of the shock
tube, a 14-inch diamcter pipe, is joined into the
test area, as shown in Figure 1.

The firat expansion is into a 16-inch
square test area. The blast valves, when used,
are located either within this 16-inch square

~ area or at the junction where this area expands

8- e @' 8 3-4"
ﬂ 4'-9“ ‘l __ -* 6ll

FILTER 'KZ X
2 ‘,{‘--“ ~TrE ==~7 _sHocK
| (suene)llisouare) ll g 1T = ave

, LN
K3 VALVE WINDOW
SRO CHAMBER  2ND CHAMBER IST CHAMBER SECTION

K= KISTLER GAGE

Figurc §. Shock Tube Set-up

54

- PR VLINPRVSIEE RN L

TR URUS U WS ey DLYPRLIES S50 e s et S hadadsdadn



T T T T T P S T T O TRy I

to a2 24-inch square section. The first 24-inch
square section, which is 8 feet long, allows the
shock to reform in the larger area. Filters
were mounted in the front of the second 34-inch
square section. A third section was used in
most tests to delay the formation of the rare-
faction wave at the filter, These three sections
were made of plywood, reinforced with steel
angles.

Two blast valves were used in these tests
to produce blast pulses. A quarter-scale model
of the louver valve (shown in Figure 2) was
used to produce intermediate pulse lengths.
The louver blast valve i8 now being made for
use in Bell System buildings. Tests on this
model are described in Reference 2. The
model was mechanically tripped so that it
started to close when the blast arrived.

Shorter duration pulses were produced by a
reed blast valve. This is a fast-closing, blast-
actuated valve with seven fiberglass reinforced
epoxy blades 1-1/4" wide, 12" long, and 1/16"
thick.

Pressures upstream of the blast valve
and upstream and downstream of the [ilters
were measured, Transducer locatlonq are

Figure 2, Louver Valve Model in Shock Tube
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shown in Figure 1. The Kisler 701A trans-
ducers were isolated from the test chamber by
an air gap to liminate unwanted zcceleration-
produced signals.

RESULTS FOR 2-FOOT SQUARE FILTER
MODULES

Figure 3 shows the three types of filter
modujes tested. Overpressure time wvaveforms
upstream of the filter at gage locution 2
(Figure 1) are reproduced for tite highest over-
pressure blast pulse which produced no dam-
age and the lowest overpressure pulse which
produced the damage illustrated in the photo-
graphs. Each filter was subjected to inereas-
ingly higher pressure pulses until damage oc-
curred, and was then discarded.

The Aerosolve filter had the filtering ma-~
terial punctured, as a result of a S-psi over-
pressure pulse, The Hi-Flo filter had the sup-
porting ribs bent and torn from tho frame by a
pulse with a peak overpreasure of about 7 psi.
The filtering materisl in the Hi-Cap filter was
torn by a pulse with a peak overpressure of
about 8 pat,

~ The pulses producing the above described
filter damage were generated by passing the
blasts through the quarter-scale louver blast
valve, In order to produce longer durations,
the shock tube was operated without any blast
valves, Similar filter damages were produced,
but with lower overpressures. Intermediate
pulse duratione were obtained with the last 2-
foot square section removed, This allowed a
faster return of the rarefaction wava, which
tended to blow out the filtering material., Since
it was not possible to separate positive from
negative pulse damage, these tests results are
not used here,

The peak pressure and duration of the
highest pressure blast pulse which did not
cause damage, and the lowest pressure pulse
which did, are plotted in Figure 4. The shaded
area lies between certain damage and no dame
age for the three filters. In addition to the
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data described above, the ghorter duration
pulsen produced by the reed valve are repros
. -#rated by (he three poinis on the left-hand side

of the figure. These caviicd o damage besavee

- UBEPEIR pressuran were too low. It was ant
posaitile tn operate this valve with higher in.
cident prassuras to produce higher pressures
" on the Tikers. ‘
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Fiure 5. Filier Damage as a Funetion of
_Dmermthl Pressure and Durafton

' STEADY FLOW THROUGH 2-FQOT SQUARE

FILTER MODULFS -

The sho - . tube tests #inulated rolatively
shart duration blaxts compared ta thoase pro.
duced by laree vield nuclear explagions. An ne

 fipié duration haxt was simulated uaing steady.
" hghevelority flow through the filters using the

~ The response of the filters to pressure -

toading in better portrayed in Pigure $, 3 pli

 of the pressure dilfferontial {P2-P4) acines the

" fliter versus pulse duration. The shaded aria
in Figure 5 surrespomis (o that in Figure 4. A
curve ropresenting the consta product of the
peak pressure and the durition has abaut the .
satme Slape a2 the temt data.  Filler damage oc-
curred at approximately 2 copstant impuine,
This is only an approsimating sinre this type
of response appiies to 2 very iow freuiescy
linear nsciliator,
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test apparatus shown in Figure §, I wai nat
possible to create filter damaging velocities
with this apymiratus. Toxta were run «ithk the
blower at masimum capacity. Veldcities at the
filter face were measured al A sumber of ity
and the average values a-e given in Table 1.
The lalic alwo lists the averpreasures of hlast
waver shich have the same air velocities as :
measured. These are betocen 1.2 and 1.4 pai.
Ihese tests did pot simulale the initial ahock in
the biast wace, et this did and affect lest re-
sulta. The filters withatond higher preisure
snocks in the blas! pulee tests.

N Y




PLENUM /MANOMETER
Y
19" DIA.
DAMPER — SHEET METAL
BLOWER puer v
L » -
8 ? :FILTER o— )
L

—— 52“——>L— 44" ——ofii'le~

Figure 6, Steady Flow Test Apparatus

TABLE II
Results of Steady Flow Tests
Filt Maximum Average Corresponding Shock
er Velocity FT/SEC Overpressure PSI
Aerosolve 64 1.2
Hi-Flo 74 1.3
Hi-Cap 73 1.3

TESTS ON ROLL-TYPE FILTER AND A
DAMPER

These large pieces of equipinent required
the use of a large test section (Figure 7). The
shock was expanded by means of a conical sec-
tion tapering in diameter from 14 inches to ap-
proximately 4 feet, at which end a rectangular
duct was attached. The roll-type filter shown
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in Figure 8 was placed adjacent to the
opening in the duct and the damper was
placed inside.

The damage to the roll-type filter (Fig-
ure 9) occurred with a peak overpressure of
1.7 psi at a duration of 8 milliseconds. The
filtering inaterial was hlown out of its track
and the vertical roda were bent and forced out
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Figure 9. Roll-Type Filter Damage and Corvespornding Pressure Pulse
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of their anchors. Lower pressure blast pulses
just bend the verticsi rods.

The damper (Fipure 10) was only slightly
deformed by a pulse with a peak cverpressure
of 5 vsi in a duration of 10 milliseconds. This
occurred with the damper closed, ite most vul-
nerable position. In this case, the peak pres-
sure was a reflected pressure, produced by an
incident pressure of 2.5 psi. The damper oper-
ated {reely after the test.

Reproduced from
bast available copy.

-,

Figure 13, Damper Being Checked for
Deformation by Blast Pulse

DISCUSSION OF RESULTS

The results of the blast pulse and steady
flow tests of the 2-foot square filters and the
roll-type filter are superimposed in Figure 4.
There i8 an average dividing line shown in the
figure between damage and no dainage to tne
2-foot square modules. The constant pressure
portion of the line on the right side is estimated
from the steady flow data, where filter damage
was not obtained. Results for the roll-type
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filter fall considerably below the spread of data
for the 2-fool square filters. This is due at
least partially to the rapid reduction in pres-
sure downstream of the roll-type {ilter because
the blast pulse exhausted into a large room.
Ttis allows a rarefaction wave rapidiy to re-
duce the downstream pressure. The Z2-foot
square filter modules were tested in a constant
cross-section duel, and the downstream pres-
sure on the filter was maintained when the fil-
ter was loaded by an upstream pressure. I the
dowustrsam pressure on the roli-type filter is
assumed to be ambient, the pressare differen-
tial on this filter 1s upstream pressure. The
data peints for a roll-type filter tken fit neatly
within the spread of data for the cther filters,
as shown in Figure 5. This suggests that the
roll-type filter in the size tested is of similar
blast resistance to the other fiiters with the
same type of downstream conditicns. This dis-
cussion suggests an extended interpretation for
Figures 4 and 5: The former is for filters with
about the same plenum areas upstream and
downstream; the latter is for f{ilters witk a very
large downstream plenum.

The damper tested survived a peak over-
pressure of aimost 5 psi which was the reflec-
tion of a 2-1/2 psi ircident pressure. This in-
cident pressure with a duration of about 10 mil-
liseconds places the resistance of the damper
at the tower bound of the shaded area in Figure
4. This indicates that this particular dcamper
is about as resistance to blasts as the {ilters
tested. Downstream conaitions would have no
effect on a closed damper.

CONCLUSIONS

Application of these test results to actual
conditions will not be considered. The 2-foct
square filiers were found to withsiand a long-
duration blast of over 1-psi overpressure. The
free-field overpressure could be larger because
of attenuation in the passages leading into the
building. Filters were also found to be un-
damaged by rarefaction waves of about 1-nsi
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negative pressure. A rarefaction of this magni-
tude is aannciated with the positive peak over~
pressure of about 5 psl, It is anlikely that the
filters would suffer primary damage from nega-
tive pressure loading.

Short duration mizses, which are trans-
mitted through closing blast valves, kave a
damaging potential whicn is a function of both
peak overpressure and duraticn. For very
skort pulses about 2 to 3 milliseconds long, the
tilters should not be damaged by peak pressures
of abcut 7 psi. 1t was not possible to damage
the filters in these tests with pulses from the
very fast closing reed valve.

The damage criterion used ia this report
was the first sign of visible damage. The slizht
damage observed in these tests might not pre-
vent satisfactory filter performance, so the
criteria discussed here shoula be conservative.
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However, the supporting structures for filters
and dampers have not been investigated. This
might very well be the weak link in a commer-
cially installed system., The effective pres-
sures acting on the filters, summarized in
Figure 5, can be used to obtain the loading and
response of the supporting structure,
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